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SUMMARY 
The  deve lopment   work   descr ibed   in   th i s   repor t  is p a r t  of a continuing 
technology  program  on  thermionic   conversion  ini t ia ted  under  NASA Cont rac t  
NAS 3-2544. Follow-on development activity is supported under  NASA 
Cont rac t  NAS 3-8511 in  the form of two  tasks .   The  first t a s k   w a s  a b a s i c  
investigation into the effects of e l e c t r o d e   m a t e r i a l s ,   s u r f a c e   t r e a t m e n t s  2nd 
spac ing  on  thermionic  per formance .  The  resu l t s  of t h i s  t a sk  se rved  ; J S  an  
information and guidance source for  the second task-- tes t ing and evaluat ion 
of high performance cyl indrical  thermionic  converters .  I t  is t h i s  l a t t e r  t a sk  
which is the   subjec t  of t h i s   r epor t .  
The   cour se  of act ivi ty  of th i s   l a t te r   t ask   inc luded  a comprehens ive  
p r o g r a m  of tes t  vehicle  design and development ,  emit ter  e lectrode character izat ion 
and select ion,  thermionic  performance mapping and extended s teady-state  
tes t ing,  and post- tes t  examinat ion and analysis .  Some of  the more important  
fea tures   incorpora ted   in to   the   new  tes t   vehic le   inc lude :  
(1 )   P rov i s ion   fo r   t he   d i r ec t   measu remen t  of emi t t e r  
tempera ture   by   bo th   Hohl raum  and   h igh   tempera ture  
thermocouples .  
(2  1 Simple  geometry  and  reduced  number of par t s   to  
bo th  reduce  cos t  and  increase  re l iab i l i ty .  
( 3 )   E a s e  of fabr icat ion  and  replacement  of e l ec t ron  
bombardment   f i l ament   and   emi t te r   thermocouples  
to   fac i l i t a te   long- te rm  l i fe   t es t ing .  
(4) Direc t   po ten t ia l   l eads   on   each   e lec t rode   to   fac i l i t a te  
da.ta  $eduction  and  accuracy  by  eliminating  need  for 
ca lcu la t ing  lead- loss  cor rec t ions .  
(5)   Capabi l i ty  of o-peration  in a high  vacuum  environment .  
The  conver te r  was  des igned  to  have  a niobium (Nb) collector,  a fixed 
in te re lec t rode   spac ing  of 0. 010 inch and an effect ive emit t ing area of 11. 0 c m  . 2 
1 
Its design  operat ing  range  included  tes t ing  to  emitter t e m p e r a t u r e s  of 17OO0C, 
c o l l e c t o r  t e m p e r a t u r e s  a s  h i g h  a s  1000 C ,  a n d  c e s i u m  ( C s )  r e s e r v o i r  
t empera tu res  be tween  300 and 40OoC. 
0 
0 
The   emi t t e r   e l ec t rode   was   s epa ra t ed   on   t he   p r imary   va r i ab le   fo r  
t e s t  and evaluation, the range of explorat ion being fur ther  def ined as  tungsten 
( W )  e m i t t e r s  of p re fe r r ed  (110) c rys ta l  o r ien ta t ion .  In  meta ls  such  as  W 
which have a body-centered-cubic  (bcc)  c rys ta l  l a t t i ce ,  the  (110)  c rys ta l  p lane  
is t h e   d e s i r e d   e m i t t i n g   s u r f a c e   f o r   e n h n c e d   t h e r m i o n i c   p e r f o r m a n c e   b e c a u s e  
it has  the  h ighes t  a tomic  dens i ty  and ,  therefore ,  exhib i t s  the  h ighes t  e lec t ron  
e m i s s i o n   i n   t h e   p r e s e n c e  of Cs  vapor .  
The   cha rac t e r i za t ion  of emitters included: 
(1) Chemica l   nd   mic ros t ruc tu ra l   na lys i s ,  
(2) Vacuum  work   func t ion   measurements ,  
( 3 )  X-ray   d i f f rac t ion   ana lys i s   to   de te rmine   degree  
of prefer red  c rys ta l  o r ien ta t ion ,  and  
(4) Etch   p i t   ana lys i s   to   de te rmine   or ien ta t ion  of 
s u r f a c e  g r a i n s .  
This   in format ion   was   used   as   the   bas i s   for   se lec t ion  of emi t te rs   for   use   in   the  
test  conve r t e r s .  The  t e s t ing  of each  conver te r  inc luded  per formance  mapping  
and s teady-state  l i fe  tes t ing for  5000 hour s  a t  emi t t e r  t empera tu res  of 1 7 0 0  C. 
The post- tes t  examinat ion of the converters  included:  
0 
(1) Vacuum  work   func t ion   measurements ,  
(2) D i m e n s i o n a l   m e a s u r e m e n t s ,  
( 3  1 Surface  l ight   microscopy  and  scanning  e lectron 
(4) X - r a y  d i f f rac t ion   ana lys i s ,  
(5)  Surface  e tch  pi t  analysis ,  
( 6 )  Bulk   chemis t ry ,  
microsco.py,  
2 
(7) spa rk   spec t rog raph ic   ana lys i s ,   and  
(8) Destruct ive  metal lography.  
The  fol lowing  observat ions  and  conclusions  resul ted  f rom  this   task.  
The   th ree   devices   bu i l t   and   tes ted   under   th i s   p rogram had s t r ik ingly   comparable  
the rmion ic  pe r fo rmance  a f t e r  5000 hours  of operat ion.  This  is  shown by the 
plot of t he i r   ou tpu t   power   ve r sus   emi t t e r   t empera tu re  at a cu r ren t   dens i ty  of 
10 A m p s / c m  2 , shown  in   F igure  1. The i r   emi t t e r s ,   however ,   were   p roduced  
by  two d is t inc t ly  d i f fe ren t  methods .  The  f i r s t  two devices  (No. 362 and 363) 
employed W e m i t t e r   s u r f a c e s  of preferred (110)  crystal  or ientat ion produced 
by the hydrogen reduction of tungsten hexachloride (WCl6).  The latter 
conve r t e r  (No. 364)  employed an emit ter  produced from the hydrogen reduct ion 
of tungsten  hexafluoride ( W F 6 )  which   was   e lec t roe tched   to   expose   the   (110)  
c rys t a l  p l anes .  
Perhaps  equal ly  impor tan t  i s  the  fac t  tha t ,  a l though the  var ious  
techniques of emi t te r   charac te r iza t ion   (vacuum  work   func t ion ,   x - ray   d i f f rac t ion ,  
and etch pi t t ing)  tended to  corroborate  each other  in  ranking the emit ters ,  
the   ra ther   s ign i f icant   spread  s o  indicated was not reflected in the thermionic 
per formance .  Fur ther ,  i t  i s  no tewor thy  tha t  the  c lose ly-grouped  band of 
thermionic   performance  produced  by  these  three  devices   fe l l   wel l   wi thin  the 
band establ ished by other  reported converters  having (110)  emit ter  surfaces:  
s ing le   c rys t a l   p l ana r ,   po lyc rys t a l l i ne   p l ana r ,  and polycrystal l ine cyl indrical  
(F igu re  2 and Table 1).  
Conver te r  364  was  an  exceedingly  s tab le  per former ,  as  ind ica ted  by  
both  thermionic   output   and  cesiated  work  funct ion  measurements   taken  over  
t he  5000 hours  of operat ion.  However ,  performance changes did occur  during 
the l i fe  tes t ing of conve r t e r s  362 and 363. These changes, while not completely 
unders tood ,   a re   thought   to   be   due   to   inadequate   ou tgass ing  of these e a r l i e r  
dev ices .  Neve r the l e s s ,  t he  e f f ec t s  of the  resu l t ing  contaminat ion  a re  
believed  to  have  reduced  and  stabil ized  with  t ime  to  the  point  where  there w a s  
no appreciable.  impact on the thermionic performances at  the end of s t eady  
s ta te   t es t ing .  
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Figure 2. COMPARISON O F  CONVERTER PERFORMANCE WITH 
SELECTED  RESEARCH DIODES (IDENTIFIED  IN  TABLE 1) 
for 364) 
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Table 1. ELECTRODE AND GEOMETRIC DATA FOR SELECTED RESEARCH DIODES 
Symbol E m i t t e r  
D F CVD W 
F Poly  Powder  
Metallurgy W 
G 
N 
C l C V D  W M 
C1 CVD W 
C1 CVD W J 
C1  CVD W 
C F CVD W 
A 
F CVD W B 
F CVD W 
L F CVD W 
Bare   Work  
P r e p a r a t i o n  Function,  Volts 
Electropol ished/  
Electroetched 4. 83 
Coldworked 
Resulting  in 
P r e f e r r e d  ( 110) 
Orientation 4. 58 
Electropol ished 4. 91 
Electropol ished 5. 0 
Electropolished 4. 91 
P r e f e r r e d  ( 110) 
Electropol ished 4. 95 
Electropol ished/  
Chemically  Etched 4. 77 
Mechanical " 
Mechanical/  
Electropol ished " 
Mechanical 4. 65 
I 
Spacing 
Collector  Mils 
Nb 10 
Nb 10 
Nb 
10 Nb 
10 Nb 
8. 5 
Nb 10 
Nb 
8. 5 Nb 
8. 5 
Nb 8. 5 
Nb 10 
3uilder 
R& DC 
R& DC 
TECO 
TECO 
TECO 
R& DC 
Upon  post- tes t   examinat ion of a l l   conver te rs ,   no   d imens iona l   changes  
or  co l lec tor  e lec t rode  changes  were  revea led  which  could  have  inf luenced  
a change  in  thermionic  per formance .  Some rounding  of the  e tched  crys ta l  
face ts  on  emi t te r  3 6 4  was observed  af te r  tes t .  This  occur rence ,  however ,  
did  not   display  any  inf luence  on  the  converter ' s   thermionic   performance  his tory.  
Carb ide   contaminat ion   was   d i scovered   on   the   emi t te rs  of both 3 6 2  and 3 6 3  after 
test . This  d iscovery  suppor ts  the  conten t ion  tha t  inadequate  outgass ing  caused  
the   observed   per formance   changes   dur ing   the   in i t ia l   por t ions  of t h e i r   t e s t  
h i s tory .  
F ina l ly ,  t h i s  conve r t e r  t e s t  s e r i e s ,  w i th  i t s  ex tens ive  in s t rumen ta t ion ,  
provided  the  opportunity  to  evaluate  and  verify  the  Wilkins  diagnostic 
technique ' ' )  for  emi t te r  tempera ture  de te rmina t ion .  Emi t te r  tempera tures  of 
conve r t e r  363,  as  de te rmined  by  th i s  d iagnos t ic  too l ,  h igh  tempera ture  
thermocouples  and opt ical  pyrometry,  a l l  c ros s  checked  well within a useful 
range  (+ - 5OoC). 
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INTRODUCT ION 
The   impor tance  of c rys ta l   o r ien ta t ion   on   the   thermionic   per formance  
of W emitters was   r ecogn ized   and   documen ted   a s   ea r ly   a s  1962. (‘1 In  metals  
s u c h   a s  W which  have a body-cen te red -cub ic   (bcc )   c rys t a l   l a t t i ce ,  ( 3 )  the (110) 
c rys ta l   p lane  is the   p re fe r r ed   emi t t i ng   su r f ace   fo r   enhanced   t he rmion ic   pe r -  
formance .  It is that  plane that  has  the highest  a tomic densi ty  and exhibi ts  the 
h ighes t   e l ec t ron   emis s ion   i n   t he   p re sence  of Cs   vapor .  
However ,  in  order  to  take advantage of the   per formance   of fe red   by   the  
(110)  crystal  plane,  a suitable method of producing W emi t te rs  wi th  s ing le  
c r y s t a l s  of (110) or ientat ion or  polycrystal l ine W with a prefer red   (110)  
c rys ta l  o r ien ta t ion  is r equ i r ed .  In  r ecen t  yea r s ,  W planar and cylindrical  
emitters have been produced by a chemica l   vapor   depos i t ion   (CVD)  process .  
Investigations (4’ 5, on CVD-W  emi t te rs   revea led   tha t  W produced  by  the 
hydrogen reduct ion of WF had a prefer red  (100)  c rys ta l  o r ien ta t ion ,  whereas  
W produced from WCl6 developed a (110)  p re fe r r ed  o r i en ta t ion .  The  l a t t e r  
development   made it possible   to   direct ly   produce  cyl indrical  W emi t t e r s   w i th  
a (110) or ientat ion and,  thus,  proceed with their  thermionic  performance 
evaluation. Another innovation which was investigated was the electroetching 
of fluoride  CVD-W emitters t o   e x p o s e   t h e   p r e f e r r e d   ( 1   1 0 )   c r y s t a l   s u r f a c e .  
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Under  this  contract ,  two tasks  were ident i f ied for  the performance 
evaluation of CVD-W emi t te rs .  The  first t a s k   w a s  a basic  invest igat ion into 
the effects  of e l ec t rode  ma te r i a l s ,  su r f ace  t r ea tmen t s  and  spac ing  on conve r t e r  
pe r fo rmance .  Th i s  t a sk  was  to  p rov ide  in fo rma t ion  and  gu idance  to  the  second  
task- - the  tes t ing  of h igh  per formance  cy l indr ica l  conver te rs .  It is the second 
task   which  is the  subject  of t h i s   r epor t .  
PROGRAM OBJECTIVE 
The object ive of t h i s   p r o g r a m  is summar ized  be low,  f rom i t s  con t r ac t  
work   s ta tement .  
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A thermionic   conver te r   wi l l  be designed  which  will  be unfueled, 
e lec t r ica l ly   hea ted ,  of cyl indrical   geometry  and  with a 10-mi l   in te re lec t rode  
spac ing .  The  conver te r  des ign  wi l l  inc lude  four  emitter thermocouples  for  
t he  measu remen t  of emitter t empera tu re  and  t empera tu re  g rad ien t s .  Two  
col lec tor   thermocouples   wi l l  be used   t o   measu re   t he   co l l ec to r   t empera tu re .  
Conver te r   t es t ing   and   pos t - tes t   ana lys i s   wi l l  be pe r fo rmed   t o   expe r imen ta l ly  
inves t iga te   the   cor re la t ion   be tween  e lec t rode   work   func t ions ,   degree  of c r y s t a l  
o r ien ta t ion   and   thermionic   per formance .  
The  CVD-W emitters wil l   be   character ized  to   include:  
(1)   Chemica l   and   micros t ruc tura l   ana lys i s  of e a c h   e m i t t e r ,  
( 2  1 Vacuum  work  funct ions of each   emi t te r ,   and  
( 3 )  X-ray   d i f f r ac t ion   ana lys i s   t o   de t e rmine   t he   deg ree  of 
p re fe r r ed   c rys t a l   o r i en ta t ion .  
This   in format ion  is to   be   used   in   the   se lec t ion  of the   emi t te rs   for   use  
in  the  conver te rs .  The  tes t ing  of each  conver te r  sha l l  inc lude  per formance  
mapping and steady-state l ife testing. The l ife testing will  be conducted for 
5000 hour s  a t  emi t t e r  t empera tu res  of 170OOC. Pos t - tes t  ana lys i s  wi l l  be  
pe r fo rmed  on each   conve r t e r .  
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TEST SERIES 
CONVERTER DESIGN 
The   t he rmion ic   conve r t e r s   desc r ibed   i n   t h i s   r epor t   were   t e s t ed   t o  
de t e rmine   t he   l ong- t e rm  s t ab i l i t y  of cy l indr ica l  W emi t t e r s   wh ich   were  
espec ia l ly  prepared  to  y ie ld  a prefer red  (110)  c rys ta l  o r ien ta t ion .  The  tes t  
vehic le   descr ibed   here in   was   spec i f ica l ly   des igned   to   accompl ish   th i s   t ask .  
Test ing considerat ions included provis ion for  wide performance mapping and 
ex tens ive  s teady-s ta te  tes t ing .  Some of the  more  impor tan t  fea tures  incorpora tec  
into  the  design  include:  
(1 1 Prov i s ion   fo r   t he   d i r ec t   measu remen t  of emitter 
tem.pera ture   by   bo th   Hohl raum  and   h igh   tempera ture  
thermocouples .  
( 2  1 Simple   geometry   and   reduced   number  of pa r t s   t o  
bo th   reduce   cos t   and   increase   re l iab i l i ty .  
( 3 )  E a s e  of fabricat ion  and  replacement  of e l e c t r o n  
bombardment   f i l ament   and   emi t te r   thermocouples  
to   f ac i l i t a t e   l ong- t e rm life tes t ing.  
(4) Direc t   po ten t ia l   l eads   on   each   e lec t rode   to   fac i l i t a te  
data  reduct ion and accuracy by el iminat ing need for  
ca lcu la t ing  lead- loss  cor rec t ions .  
(5 )  Capabi l i ty  of operat ion  in   high  vacuum  environment .  
In addition to the W emit ter   with  an  effect ive  emit t ing  area of 11. 0 c m  , 
the   conver te r   was   des igned   to   have  a Nb col lec tor   and   an   in te re lec t rode   spac ing  
of 0.  010  inch .  The  conver te r  des ign  a l lowed tes t ing  to  emi t te r  tempera tures  
of 17OO0C, c o l l e c t o r  t e m p e r a t u r e s  a s  high as  1000°C and Cs reservoir  
t empera tu res  in  the  300 t o  400  C range .  The  conve r t e r  c ros s  sec t ion ,  a s  
shown in  F igure  3,  conta ins  severa l  bas ic  subassembl ies .  Thei r  de ta i led  
descr ipt ion  fol lows.  
2 
0 
10 
HOHLRAUM 
i 
SECTION A-A 
Nb EMITTER SUPPORT PA 
EMITTER 
D.P. LEAD 
OPTICAL LINE-OF-SIGHT 
- .970" -c/ 
COLLECTOR 
E BOMBARDMENT 
FILAMENT 
BOMBARDMENT 
LEADS COIL 
Figure  3. CROSS SECTIONAL VIEW OF CONVERTER TEST VEHICLE 
1. Emitter Subassembly  
The W emitter has a n  0. D. of 0. 560 inch and active length of 0.970 inch. 
It was  mach ined  f rom a CVD-W crucible .  Two vapor  deposi t ion processes  
were used:  one by the hydrogen reduct ion of WC16 and a second  by   the   reduc-  
t ion of WFg.  The  spec ia l  sur face  prepara t ions  used  for  emi t te rs  fabr ica ted  
by   each  of t h e s e   p r o c e s s e s   a r e   d e s c r i b e d   e l s e w h e r e   i n   t h i s   r e p o r t .  
The  wal l   th ickness  of each   emi t t e r   was   des igned   t o   be   l a rge  (0. 100 
inch)   in   o rder   to   a id   in   ob ta in ing   un i form  emi t te r   t empera tures   and   to   a l low 
for  axial   holes  along  the emitter wa l l   fo r   t he   measu remen t  of emi t t e r   t emp-  
e ra tu re s .  Four  ho le s  were  used  fo r  h igh  t empera tu re  the rmocoup les  (one  a t  
a depth of 0. 200 inch, two at 0. 400 inch, and one at 0. 800 inch).  One hole, 
0. 200-inch  deep  was  used  as  a H o h l r a u m   w i t h   a n   a s p e c t   r a t i o  of grea te r   than  
12: l  (0. 15- inch  d iameter  opening) .  Provis ion  was  a l so  made  for  a t tach ing  a 
d i r ec t   po ten t i a l  lead t o  a small hole   in   the   top  of the emi t t e r .  
Component   thermal  tests were   conducted   as   an   eva lua t ion  of emi t t e r  
integri ty .  These component  tes ts  consis ted of tempera ture  cyc l ing  be tween 
approximate ly  300° a n d  180OoC 100 times and   i so the rma l   t e s t ing   i n   vacuum at 
185OoC for  over  500  hours .  The  resu l t s  of a l l  t es t s  ind ica ted  vacuum,  
mechanica l   and   meta l lurg ica l   in tegr i ty .  
The  top of t he   emi t t e r   was   a t t ached   t o  a thin-walled  tungsten-22  weight 
percent  rhenium (W-22w/o  Re)  tube .  The  tube ,  formed by  chemica l  vapor  
deposit ion,  served two functions.  First, it p rovided  the  ver t ica l  suppor t  for  
the emit ter ;  and second,  it formed the  opt imum hea t  choke  and  e lec t r ica l  
l ead  f rom the  emitter. Tes t s  were  in i t i a l ly  made  on  two  me thods  fo r  
a t tach ing   the   emi t te r   to   the  W -Re  s leeve  - -EB  welding  and  EB  welding  plus  
molybdenum-rhenium (Mo-Re) brazing.  While  both methods appeared 
feasible ,  the EB welding only approach was selected S O  that  the emit ter  would 
not   have  to   be  ra ised  to-   the  255OoC braz ing   tempera ture   (which   could   have  
altered the c h a r a c t e r i s t i c s  of t he  emi t t e r  p repa red  su r face ) .  Me ta l log raph ic  
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s tudies  of the  welded  only  joints  and  the  welds  plus  Mo-Re  braze  joints  after 
t he   t he rma l   cyc le  tests revea led   good  jo in t   micros t ruc ture .  
The  upper   end of the  W-Re sleeve was   a t tached   to  a Nb emitter suppor t  
s t ructure .  Since this  joint  operates  wel l  below 1000°C,  a vanadium (v) b r a z e  
was  used .  Tes t  s amples  of t h i s  V braze  jo in t  were  thermal  cyc led  quick ly  
f rom 1100  to  7OO0C 25 times to  s imula t e  a pcwer  fa i lure .  The  samples  remained  
vacuum  t igh t   a f te r   the   cyc l ing   and   resu l t s   o f   meta l lography  showed a good 
braze   jo in t   a f te r   the   t es t ing .  
The  f ina l  assembly  s teps  for  the  emi t te r  subassembly  cons is ted  of 
copper   (Cu)   b raz ing   the   upper   emi t te r   s t ruc ture   to  a Kovar  f lange  which  was,  
in  turn,  welded to  a ceramic- to-meta l  insu la tor  sea l .  The  insu la tor  sea l  was  
fabricated from Kovar  and high puri ty  a lumina ( A 1 2 0 3 )  using a C s  r e s i s t a n t  
metal l iz ing mater ia l .  While  suff ic ient  his tory had been  accumula ted  to  g ive  
high confidence on this type of sea l ,   an   acceptance   t es t   was   per formed  for  a 
sea l  wi th  th i s  -par t icu lar  type  of geometry .  One s e a l  which  was  thermal  cyc led  
2 5   t i m e s   f r o m   r o o m   t e m p e r a t u r e   t o  600 C in  a hydrogen  furnace  remained  
leak t ight.  Next,  it was  i so thermal ly  tes ted  a t  600 C in  an  envi ronment  of 
7 to r r  Cs  p re s su re  fo r  775  hour s .  Examina t ion  of t h e  s e a l  a f t e r  testing showed 
mechanica l   and   vacuum  in tegr i ty   wi th   no   ev idence  of Cs   a t tack .  
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2.  Col lec tor   Subassembly  
The  co l lec tor  was  fabricated f r o m  EB mel t ed  Nb. T h e  c o l l e c t o r  s u r f a c e  
was   a s -mach ined   and   no   fu r the r   spec ia l   p repa ra t ion   was   a t t empted .   The  I. D. 
w a s  0.580 inch   wi th   an  0. D. of 1.000 inch, giving a thick col lector   wal l   which 
al lowed for  brazing thermocouples  in  the col lector  for  accurate  temperature  
m e a s u r e m e n t .  
Ih 
Below  the  col lector   cavi ty   was a set of A1203  ceramic   d i sks   in to  
which   were   pos i t ioned   four   Mo  spacer   p ins   to   main ta in  a posi t ive  radial   spacing 
between  the  collector  and  the  bottom of the  emitter when  the  converter   was 
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assembled .  Immedia t e ly  be low the  space r  ce ramics  was  a s e r i e s  of 4 dimpled 
W hea t  sh ie lds .  These  sh ie lds  prevented  a d i r ec t  l i ne -o f - s igh t  f rom emi t t e r  t o  
Cs  reservoi r  and ,  consequent ly ,  ass i s ted  in  decoupl ing  the  two tempera tures .  
Surrounding  the  col lector   was a b razed   coax ia l   hea t e r   t o   p rov ide   t r im  
control  of the  co l lec tor  tempera ture .  Radia l ly  outward  f rom the  co l lec tor  were  
M o  f ins  which  were  used  to  conduct  re jec t  hea t  to  a water  cool ing coi l .  A 
Kovar   f lange  Cu  brazed  to  a hea t   choke   sec t ion   near   the   top  of the  col lector  
body,  which was used to  , t tach to  the ceramic- to-metal  seal ,  completes  the 
co l lec tor  subassembly .  
3. Ces ium  Rese rvo i r   Subassembly  
The Cs reservoir  was fabricated from an oxygen-free high conduct ivi ty  
(OFHC) Cu cyl inder .  Above the Cs reservoir  is a n  0.  020-inch wal l  IVb tube,  
2 -1 /2- inch   long ,   which   se rved   as  a t he rma l   choke   t o   i so l a t e   t he   Cs   r e se rvo i r  
t empera tu re  f rom the  co l l ec to r  t empera tu re .  The  tube ,  wh ich  was  Cu-Mn 
brazed  to  the  C s  r e se rvo i r ,   was   EB  we lded   t o  a Nb flange at  the top which 
joined  to   the  col lector   subassembly.  
Sur rounding   the   Cs   reservoi r   was  a coaxia l   hea te r   to   p rovide   t r im 
con t ro l  fo r  t he  Cs  r e se rvo i r  t empera tu re .  A C u  s t r a p  b r a z e d  t o  t h e  b o t t o m  
of the  reservoir   was  used  to   conduct   the  re ject   heat   to  a water   cool ing  coi l .  
The rmocoup les   were   b razed   i n to   ho le s   i n   t he   Cs   r e se rvo i r   Cu   b lock   t o   p rov ide  
a means   fo r   d i r ec t   measu remen t   o f   Cs   r e se rvo i r   t empera tu re .  
The pump-out  and Cs dis t i l la t ion tubulat ion complete  the Cs reservoir  
subassembly.  This  tubulat ion of OFHC Cu was pinched off c lose to  the 
C s   r e s e r v o i r   a f t e r   t h e   a s s e m b l e d   c o n v e r t e r   w a s   p r o c e s s e d   a n d   C s   d i s t i l l e d .  
4. Electron  Bombardment   Gun  Subassembly 
The   e lec t ron   bombardment   gun   which   was   used   to   supply   hea t   to   the  
emit ter   was  designed  to   be  inexpensive  to   fabr icate   and  easy  to   replace  within 
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the  emitter. The  geometry  cons is ted  ch ief ly  of rods  and  tubes .  The  f i lament  
d imens ions   were   des igned   to  be op t imum  wi th   r e spec t   t o   t he   emi t t e r   d imens ions  
to  be heated. 
5. L _  Other  - Design   Cons idera t ions  
Three   addi t iona l   des ign   cons idera t ions   deserve   spec ia l   descr ip t ion .  
(1 ) Spacing  methods,  
(2  1 Instrumentat ion,   and 
(3 1 Heat   ransfer   and   tempera ture   d i s t r ibu t ions .  
The   rad ia l   spac ing   mechanism  for   the   bo t tom of the   emi t t e r   has   a l r eady  
been   desc r ibed   a s   cons i s t ing  of spacer  pins  imbedded in  A 1 2 0 3  c e r a m i c   d i s k s .  
The  method  used  for  spacing  the  top of t he   emi t t e r   f rom  the   co l l ec to r   made  
use  of very   accura te ly   g round  ceramic   p ins   loca ted   in   the   annular   space  
between  the Nb emi t t e r   suppor t   s t ruc tu re   and   t he  Nb extension  above  the 
co l lec tor  (F igure  3 ) .  This  method se lec t ion  was  based  pr imar i ly  on  the  ease  
with  which  insulators  having a highly  accurately  ground 0. D. c a n  be obtained. 
F i lament - to-emi t te r   a l ignment   was   main ta ined   by   the   use  of 5 hollow insulator 
tubes  a r ranged  in  a s imi l a r  f a sh ion  t o  the  uppe r  emi t t e r  a r r angemen t .  Th i s  
technique allowed simple r ep lacemen t  of the bombardment  f i lament .  The use 
of hol low  insulator   rods  permit ted  ready  access   to   the  emit ter   thermocouple  
holes ,  Hohlraum, and direct  potent ia l  lead.  
A s  men t ioned  ea r l i e r ,  t he  emi t t e r  t empera tu re  was  mon i to red  by  a 
Hohlraum  and 4 W - 5  w / o   R e   v e r s u s  W - 2 5  w/o   Re   thermocouples   loca ted   a t  
three different  de.pths  in  the emitter wal l .  Col lec tor  and  Cs  reservoi r  
t e m p e r a t u r e s   w e r e   m e a s u r e d   b y   c h r o m e l / a l u m e l   t h e r m o c o u p l e s   i m b e d d e d   i n  
holes  in  each locat ion.  Other  instrumentat ion included emit ter  and col lector  
d i rec t   po ten t ia l   l eads   a t tached   d i rec t ly   to   each   e lec t rode .  
Three   major   hea t   input   mechanisms  and   two  pr ime  hea t   re jec t ion   pa ths  
were  employed  in  the  des ign  of t hese  conve r t e r s .  The  emi t t e r  was  hea ted  and  
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its tempera . ture   cont ro l led   by   the   e lec t ron   bombardment   f i l ament ,   whi le   the  
co l l ec to r   and   Cs   r e se rvo i r   t empera tu res   were   con t ro l l ed   by   s epa ra t e   su r round ing  
coax ia l  hea t e r s .  The  p r imary  hea t  r e j ec t ion  pa ths  were  me ta l l i c  s t r aps  
connecting the collector and C s  r e s e r v o i r s  t o  w a t e r  c o o l i n g  c o i l s .  I n  t h e  
t h e r m a l   d e s i g n  of t he   conve r t e r ,   s eve ra l   impor t an t   ob jec t ives   were   cons ide red .  
(1   Abi l i ty   to   reach   the   des i red   t empera ture   ranges  of: 
(a 1 E m i t t e r  - 1450  to 17OO0C, 
(b Collector  - 650  to1 00°C,oand 
( c )  C s  R e s e r v o i r  - 2 8 0  to   400 C .  
Therma l   i so l a t ion  of t h e   C s   r e s e r v o i r  S O  that   changes 
in  emitter and  co l lec tor  tempera tures  d id  not  e f fec t  
t h e   C s   r e s e r v o i r   t e m p e r a t u r e .  
( 3 )  Prevent ion  of poss ib le   secondary  C s  r e s e r v o i r s  
forming-- i .  e . ,  fo r  a l l  opera t ing  condi t ions  in  the  
r anges   s t a t ed   above ,   t he re   were   t o   be   no   a r eas   i n  
the   conver te r   enve lope   co lder   than   the   t empera ture  
of t h e   C s   r e s e r v o i r .  
(4)   L imi ta t ion  of t he   ce ramic   - t o -me ta l  s e a l  t e m p e r a t u r e  
t o  a m a x i m u m  of 6OO0C under  a l l  operat ing condi t ions.  
To   i n su re   t ha t   t hese   des ign   ob jec t ives   were   ach ieved ,   t he   t he rma l   hea t  
t ransfer  pa ths  were  mocked up  both  ana ly t ica l ly  and  exper imenta l ly .  The  
analyt ical   mockup  consis ted of a computer   code  (THERMAL)  which  was 
deve loped  espec ia l ly  for  th i s  appl ica t ion .  The  hea t  t ransfer  model  d iv ided  
t h e   c o n v e r t e r   s t r u c t u r e   i n t o  23  cons tan t   t empera ture   nodes   which   were  
connec ted  by  the  appropr ia te  hea t  t ransfer  equat ions .  The  so lu t ion  was  
ob ta ined   by   an   i t e r a t ive   p rocedure   i n   wh ich   t he   t empera tu re  of a l l   the   nodes 
w e r e  first es t imated  and  then ,  in  sequence ,  the  tempera ture  of each node was 
ad jus ted  to  sa t i s fy  the  hea t  ba lance  re la t ion  for  tha t  node .  The  cor rec t  
temperature   dis t r ibut ion  was  converged  upon  by  sequent ia l ly   i tera . t ing  through 
the   node   tempera ture   ad jus tment   p rocedure   un t i l   no   s ign i f icant   change   in   any  
of t he   node   t empera tu res   were   necessa ry   t o   s a t i s fy  a l l  of the node heat 
ba l ance  r e l a t ions .  
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The  code   was   used   to   make   severa l   dec is ions   dur ing   des ign  of the 
conve r t e r  geomet ry .  Fo r  example ,  t he  C s  reservoi r  conduct ion  cool ing  s t rap  
geomet ry ,  t he  the rma l  choke  size between collector and C s  r e s e r v o i r ,  a n d  t h e  
sh ie ld ing   for   the   emi t te r /co l lec tor   insu la tor   ceramic   were   inves t iga ted   and  
designed  using  the THERMAL code. 
T o  fur ther   ver i fy   the   adequacy  of the   des ign ,   an   exper imenta l   mockup 
of the converter  envelope was made.  In th i s  mockup (F igure  4) ,  a l l  components  
were   r ep resen ted   excep t   t he  Cs vapor  which  would be in   an   opera t ing   conver te r .  
This  exper iment  was  used  to  insure  tha t  the  thermal  des ign  objec t ives  ( such  
a s  no  secondary  C s  r e s e r v o i r )  w e r e  m e t .  T h e  m o c k u p  w a s  a l s o  u s e d  t o  i n s u r e  
that  the THERMAL computer  code was operat ing sat isfactor i ly .  Good a g r e e -  
ment   was   ob ta ined   for   the   envelope   tempera ture   d i s t r ibu t ions   be tween  ana lys i s  
and  exper iment  as  shown in  Table  2 .  The  d iscrepancy  in  the  co l lec tor  f lange  
t empera tu re   was   de t e rmined   t o   be   due   t o   t he   co l l ec to r   hea . t e r   be ing   pos i t i oned  
too  far   up  the  col lector   choke.  
Table  2. 
Fi l amen t   InpuPower   T mpera tu re  (OC) 
(Wat ts )   Ces ium  Ces ium Col .  
Radia t ion   Bombardment   Reservoi r   Choke   F lange   Col lec tor  
Calculated 1 0 0   2 2 7  1 3 6   2 9 9  3 6 7  3 78  
Measured  9 7   2 1 0  1 3 4   2 9 3  4 5 8   3 8 0  
Severa l   ma jo r   obse rva t ions   were   made   a s  a r e s u l t  of t h i s   t he rma l  
mockup tes t .  
( 1  1 The   t empera tu re   d i s t r ibu t ions   i n   t he   conve r t e r   were  
independent of Cs  r e s e r v o i r   t e m p e r a t u r e .  
(2 )  The   i n su la to r   s ea l   t empera tu re   shou ld   r ema in   i n  
the  500 t o  6OO0C t empera tu re   r ange   fo r   a l l   ope ra t ing  
conditions.  
(3) Thermal   condi t ions   tha t   g ive  rise t o  a s e c o n d a r y  
C s  r e s e r v o i r   w e r e   n o t   e v i d e n t .  
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(4) Ease  of tes t ing   s ta t ion   and   vacuum  sys tem  opera t ion  
(5) F i l a m e n t   s t r u c t u r e   w a s   e a s i l y   r e m o v e d   a n d   r e p l a c e d  
was   demons t r a t ed .  
on four  se .parate  occasions.  
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TEST  SERIES  MATERIALS  CHARACTERIZATION 
CHEMICAL  VAPOR  DEPOSITED  EMITTEE 
The emitters p repa red   by   t he   hydrogen   r educ t ion  of WCl6 and WF6 
were   subjec ted   to   de ta i led   charac te r iza t ion   which   inc luded:  
(1 1 Chemica l   and   spec t rographic   ana lys i s ,  
( 2 )  Micros t ruc tu ra l   ana lys i s ,  
( 3  1 High  tempera ture   g ra in   g rowth   and   d imens iona l  
(4) Vacuum  work   func t ion   measurements ,  
(5) Crys ta l   o r ien ta t ion   by   x - ray   d i f f rac t ion ,   and  
(6)  Scanning   e lec t ron   microscopy of e m i t t e r s   w i t h  
s t ab i l i t y   t e s t s ,  
e t ched  su r faces .  
The  sequence  of emi t t e r  cha rac t e r i za t ion  was  to  first cons ide r  i t ems  1 ,  2 and 
3 ;  t hose  a s - r ece ived  emi t t e r  b l anks  tha t  s a t i s f i ed  these  r equ i r emen t s  were  
se lec ted  for  fur ther  charac te r iza t ion .  
The   emi t te r   b lanks   were   then   machined   to   s ize ,   e lec t ropol i shed ,  
vacuum  f i red  and  then  placed  into a vacuum  work  funct ion  apparatus   for  
measu remen t s .  Emi t t e r  bod ie s  tha t  s a t i s f i ed  the  r equ i r emen t s  of acceptable  
work function values --i. e.  , values   tha t   ind ica te   p refer red   c rys ta l   o r ien ta t ion ,  
were   used   for   x - ray   d i f f rac t ion   ana lys i s   for   de te rmining   the   degree  of 
p re fe r r ed  c rys t a l  o r i en ta t ion .  Fo r  emi t t e r  bod ie s  tha t  were  e l ec t roe t ched ,  
scanning   e lec t ron   microscope   examinat ion   was   per formed  to   de te rmine   the  
surface topography.  On the basis  of t he  va r ious  emi t t e r  cha rac t e r i za t ion  
da ta ,  emi t t e r s  were  se l ec t ed  fo r  u se  in  the  va r ious  conve r t e r s .  
A more   de ta i led   descr ip t ion  of s o m e  of t he   emi t t e r   cha rac t e r i za t ion  
technique is given  below. 
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1. Emitter Accep tance   Cr i t e r i a  
Thi r teen   ch lor ide   and  4 f luor ide   CVD-W  emi t te rs   were   p rocured   f rom 
San  Fe rnando  Labora to r i e s -Fans t ee l ,  Inc .  on a bes t - e f fo r t  bas i s .  The  W was  
deposited on a s t a in l e s s  steel m a n d r e l   i n  a cup   or   c ruc ib le  emitter configuration. 
A photograph of an  as-deposi ted  CVD-C1 W emitter is i l l u s t r a t ed   i n   F igu re  5. 
The   c ruc ib le  emitters were   p roduced   by   depos i t ion   f rom  e i ther   WCl6   or  W F 6 .  
No CVD-W  duplex   s t ruc tures   were   used   in   th i s   p rogram.  
A piece of the W emitter was  removed  f rom  the  open  end  for   chemical  
and  spec t rographic  ana lys i s ,  micros t ruc tura l  ana lys i s  and  h igh  tempera ture  
dimensional  s tabi l i ty  tests. Typical  spectrographic  and chemical  analysis  
for  the C1 and F vapor deposited W emi t t e r s   a r e   p re sen ted   i n   Tab le  3 .  
M i c r o s t r u c t u r e s  of the CVD-W were examined in the as-received condition 
and   t yp ica l   mic ros t ruc tu res   a r e   shown   in   F igu re  6 and 7 (chlor ide and f luoride,  
respec t ive ly) .  Both  the  ch lor ide  and  f luor ide  micros t ruc tures  were  c lean  
s ingle  phase with typical  columnar  grains .  However ,  the chlor ide W 
(F igure  6)  had la rger  and  more  uni form columnar  gra ins  than  the  f luor ide  
m a t e r i a l  ( F i g u r e  7).  
Samples  of the  CVD-W  were  vacuum  heat   t reated ,t two  different  
conditions:  
(1)   Two  hours   a t  2 0 0 0  C for   information  on  the  grain 
0 
growth  charac te r i s t ics ,  and  
(2 1 One  hour  at 2500 C- -an  acce le ra t ed  t e s t  t o  de t e rmine  0 
the   h igh   tempera ture   d imens iona l   s tab i l i ty  of the 
m a t e r i a l .  T h e s e  tests were  per formed only  on  the  
f luoride W emi t t e r  bod ie s .  The  r eason  fo r  t h i s  was  
twofold: ( a )  the  ch lor ide  emi t te r  bodies  were  procured  
ear ly   in   the   p rogram  and   the   mater ia l   was   in  its 
in i t ia l  s tages  of technology, and (b) the technology 
of the   f luor ide   mater ia l   was   more   advanced   and  
da ta   we , re   ava i lab le   on   th i s   mater ia l   tha t   es tab l i shed  
qual i ta t ively  grain  growth,   d imensional   s tabi l i ty   and 
f luorine content .  The extent  of gra in  growth  
r e s u l t i n g   f r o m  a vacuum  hea t   t rea tment   a t  2 0 0 0  C 
fo r  2 hours  for  a f luoride W sample  (F igu re  8) is 
0 
21 
Table  3.  SPECTROGRAPHIC AND CHEMICAL ANALYSIS 
CVD-Chloride  Tungsten  CVD-Fluoride  Tungsten - - 
Identification - Sample  No. Sample  No. 
2 8 14 15 
Spec t rographic  Analys is :  Values  repor ted  as p a r t s  p e r  m i l l i o n  
Aluminum 
Cobalt 
Chromium 
Copper 
I ron  
Magnesium 
Manganese 
Nickel  
Lead 
Silicon 
Ti tan ium 
Vanadium 
Molybdenum 
Tin  
Zi rconium 
Calcium 
Chemical   Analysis  : 
Carbon 
Hydrogen 
Oxygen 
N i t r  ogea 
Chlorine 
F luo r ine  
< 10 
< 5  
< 5  
< 2  
510 
< 2  
< 1  
< 1  
< 5  
< 20 
40 
< 5  
< 20 
20 
< 100 
70 
20 
< 1  
< 20 
< 10 
< 200 
”- 
< l o  
< 5  
< 5  
< 2  
< 10 
< 2  
< 1  
< 1  
< 5  
< 20 
25 
< 5  
< 20 
15 
< 100 
150 
< 5  
< 5  
< 5  
< 2  
< 10 
< 2  
< 1  
< 1  
< 5  
< 20 
20 
< 5  
< 1 0  
30 
< 100  
e 40 
20 30 
< 1  < 1  
< 20 < 20 
< 10  < 10 
< 200 ” 
-” < 5  
< 5  
< 5  
e 5  
e 2  
< 1 0  
< 2  
< 1  
< 1  
< 5  
< 20 
30 
< 5  
e 10 
30 
< 100 
c 40 
40 
< 1  
< 20 
< 10 
” 
< 5  
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Figure  5. AS-DEPOSITED  GVD-CHLORIDE 
EMITTER 
TUNGSTEN 
Etched 5 OX 
F i g u r e  6. MICROSTRUCTURE O F  AS-DEPOSITED CVD- 
CHLORIDE TUNGSTEN, SAMPLE No. 2 .  
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Etched  50X 
F i g u r e  7. MICROSTRUCTURE OF AS-DEPOSITED CVD-FLUORIDE TUNGSTEN, 
SAMPLE No. 1 5  
Etched 5 OX 
F i g u r e  8. MICROSTRUCTURE OF CVD-FLUORIDE TUNGSTEN AFTER 
2 HOURS A T  20OO0C, SAMPLE No. 1 5  
i l l u s t r a t ed   by   compar ing   t h i s   mic ros t ruc tu re  
wi th  tha t  of F i g u r e  7. A f t e r  1 hour  at  25OO0C, 
t he   f l uo r ide   ma te r i a l   expe r i enced  still fu r the r  
gra in  growth  (F igure  9 ) ;  however ,  there  was  no  
evidence of void  formation  or   dimensional  
changes.  In  general ,  for  f luoride W wi th  
f luorine  contents  of approxima.tely 25  t o  30 'ppm, 
the   mater ia l   shows  gra in   boundary   poros i ty   and  
d imens iona l  changes .  The  ex ten t  of d imens iona l  
change  usual ly  is cause   fo r   r e j ec t  of t he   ma te r i a l .  
On  the  basis  of the  results of the   chemica l   and  
spec t rog raph ic  ana lys i s ,  mic ros t ruc tu re  and  hea t  
t r ea tmen t s ,  t he  emi t t e r  bod ie s  were  se l ec t ed  fo r  
fur ther  charac te r iza t ion .  
( 6 )  
2. Vacuum  Work   Funct ion   Measurements  
Measuremen t s  of vacuum  work   func t ions   were   made   on   emi t t e r   bod ie s  
tha t  were  machined ,  chemica l ly  c leaned  and  e lec t ropol i shed .  The  emi t te r  
was  then  placed  in  a work  funct ion  apparatus .  
The  effect ive  work  funct ion  was  obtained  by  placing  the emitter in  a 
thermal ly   i so la ted   envi ronment   and   hea t ing   the   emi t te r   to   h igh   tempera ture  
us ing  e l ec t ron  bombardmen t .  The  cu r ren t  was  co l l ec t ed  on a 10  cm 
Mo col lec tor .  Guard  r ings  were  used  to  adequate ly  def ine  the  co l lec tor  a rea .  
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Data   were   t aken   a f t e r   t he   emi t t e r   r eached  a s tab le   t empera ture   and  
then   record ing:  
(1 1 Black-body  hole   temperature ,  
( 2 )  Emitter s u r f a c e   t e m p e r a t u r e .  
( 3  1 Thermocouple   emf ,  
(4) V a c u u m   s y s t e m   p r e s s u r e ,  
(5) Fi lament   vo l tage   and   cur ren t ,  
(6)  Bomber  vol tage  and  current ,   and 
( 7 )  Two-color   pyrometer   read ing .  
An a.  c.  sine wave of about 1 7  vol ts  peak-to-peak was appl ied between 
emi t te r  and  co l lec tor ,  the  osc i l loscope  ca l ibra ted ,  and  a picture  taken of the 
osc i l l o scope   t r ace  of t he   vo l t age -cu r ren t   cha rac t e r i s t i c   fo r   t he   emi t t e r  a t  the  
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Etched 5'0x 
F i g u r e  9. MICROSTRUCTURE O F  CVD-FLUORIDE TUNGSTEN AFTER 
1 HOUR AT 25OO0C, SAMPLE No. 15 
s t a b l e  t e m p e r a t u r e .  T o  p r o v i d e  a m o r e  a c c u r a t e  t r a c e  of the  charac te r i s t ic ,  
the   sweep   vo l tage   be tween emitter and  col lector   was  changed  to   the  d .   c .   mode 
and a manual ly   adjustable   vol tage  f rom  -10  to  -30 volts  replaced  the  a.   c.  
sweep. An X - Y  p lo t te r  was  ad jus ted  to  ge t  the  comple te  t race  on  an  8- inch  
by 10-inch plot .  A s w e e p   w a s   t a k e n   f r o m  -10 to  grea te r  than  +25 vol t s  by  
s lowly increasing the d.  c .  supply vol ta .ge.  The pen was then l i f ted,  the 
supply  voltage  reduced  to  -10  volts  and a r eco rd ing  of emitter -col lector  
vol tage and current  taken with a d ig i ta l  vo l tmeter .  The  d .  c .  vo l tage  was  
inc reased   i n   s t eps ,   w i th   da t a   sys t em  r eco rd ing   a t   each   s t ep   p rov id ing  a 
calibra.t ion of the   comple te   manual   d .   c .   sweep   taken   prev igus ly .  
The  work  funct ion  for   each  curve  was  found  by  extrapolat ing  the 
sa tu ra t ion   cu r ren t   l i ne   fo r   t he   pos i t i ve   sweep   vo l t age   back   t o  0 vol ts ,   calcu-  
l a t ing   t he   s a tu ra t ion   cu r ren t   dens i ty   f rom  th i s   cu r ren t   va lue   and   t hen   u s ing  
the   Richardson-Dushman  curves   for  A = 120  with  the  known  saturat ion  current  
dens i ty   and   the   t empera ture  of the  black-body  hole.  
The   emi t t e r   su r f ace   t empera tu re   and   b l ack -body   ho le   t empera tu re  
used  a d isappear ing  f i lament  .pyrometer ,  ca l ibra ted  aga ins t  a Nat iona l  Bureau  
of S tanda rds  ca l ib ra t ed  s t r ip  f i l amen t  l amp .  The  the rmocoup le  was  r ead  ou t  
a s  a d.  c. mi l l ivo l t   s igna l   by   the   da ta   sys tem  wi th  a cor rec t ion   be ing   added   to  
the  reading  for  the  25  C reference  junc t ion  tempera ture  compensa t ion .  0 
Work funct ions were ini t ia l ly  determined over  a r ange  of t e m p e r a t u r e s  
f rom 1400  to  18OO0C in  100°C s teps .  The  da ta  obta ined  a t  t empera tures  be low 
180OoC a lways  showed la rge  sca t te r ,  whi le  da ta  taken  a t  180OoC was always 
reproducible   within - + 0. 02  vo l t s .   The   sca t te r   a t   the   lowes t   t empera ture   was  
due to  oxygen pickup on the surface of t he  emi t t e r .  Th i s  e f f ec t  dec reases  
wi th  tempera ture  increase .  When a lower  tempera ture  da ta  poin t  was  
repea ted   a f te r   be ing   a t   h igh   tempera ture ,   the   e f fec t ive   work   func t ion   was  
usual ly  c lose to  the higher  temperature  effect ive work funct ion.  With the 
pas sage  of time, the  work  func t ion  increased  by  3 to  57~.  When da ta  was  
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obta ined  on  the  tempera ture  "up-swing"- - i .  e . ,  room-ambient  to  140O0C, the  
work funct ion was always on the high s ide.  Emitters were  thus  compared  by  
compar ing   the  effective work function at  1800 C.  0 
The  first t h r e e  emitters had  the  following  work  functions.  
(1) C1W emitter number  2 - 4. 92 + 0 . 0 3  vol ts   a t  18OOOC. 
(3  1 C 1 W emitter number  11 - 4. 76 - T 0.03 vol ts  a t  1800 C.  
( 2 )  C1W emitter number  8 - 4. 70 TO. 03 volts  at  1800zC. 
3 .  C r y s t a l  - Orienta t ion  by  X-ray  Dif f rac t ion  
The   de te rmina t ion  of c rys ta l   o r ien ta t ion  of the   cy l indr ica l  emitter 
bodies  requi red  a modi f ica t ion  to  the  x- ray  appara tus .  A spec ia l  spec imen  
holder  was  fabr ica t td  to  rece ive  the  cy l indr ica l  W emitter. T h e  x - r a y  
diffraction unit  consisted of a modi f ied  s iemens  Texture  Dif f rac tometer .  The  
exper imenta l   geometry   for   the   c rys ta l   o r ien ta . t ion   measurements  is shown 
in Figure 10. 
Or ien ta t ion   de te rmina t ions   were   made   by   a iming  a c i r c u l a r   x - r a y  
b e a m  of approximate ly   1 .   5 -cm  d iameter   a t   the   emi t te r  s o  t h e   b e a m   c e n t e r   w a s  
on the edge of t he  emi t t e r .  The  de te rmina t ion  of re la t ive intensi t ies  of t he  
var ious   (hk l )   re f lec t ions  at a = 0 u s e d  a r ec t angu la ry   x - r ay   beam  approx ima te ly  
1. 5-cm high by 0.2-cm wide.  Nickel  filtered C u K a   r a d i a t i o n   w a s   u s e d   i n  all 
cases .  The  emi t te r  was  ro ta ted  about  its longi tudinal  axis  a t  about  50 t o  60 
r p m   t o   g e t  8 to  10 com.plete  sample revolut ions per  data  point ;  thus,  the beam 
cove red   t he   en t i r e   c i r cumfe rence  of the emitter for  a longitudinal distance of 
1. 5 cm.  The  rad ia t ion  de tec tor  was  set a t  the  Bragg  re f rac t ion  double  angle  
for  the  c rys ta l  face  of i n t e re s t .  The  emi t t e r  was  then  ro t a t ed  (tilt) about the 
cen te r  of t h e   b e a m  and. the   re la t ive   in tens i ty   o f   the   re f rac ted   x - rays   de tec ted  
on a count ing  system. 
0 
Data   p rocess ing   was   done   by   p rograms  wi th in   for   the   GE-235  computer .  
No  inquiry  into  the  effects of fl  ro ta t ion   ra te ,   var ia t ion  of background  intensi ty ,  
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INCIDENT X-RAY 
Bch IJ DIFFRACTOMETER  AXIS 
DIFFRACTED  X-RAY BE AM 
F i g u r e  10 .  EXPERIMENTAL  ARRANGEMENT  OF  EMITrER  FOR 
X-RAY  DIFFRACTION 
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or  geometr ic  fac tors  on  the  observed  in tens i ty  was  made .  The  resu l t s  were  
normalized and plot ted as  the fract ion of t he   emi t t e r   s ample   a r ea   hav ing  <1 l o >  
o r  <loo> axes lying within the angle  8. Such a p lo t  for  severa l  ch lor ide  W 
e m i t t e r s   w i t h  < l l O >  axes   no rma l   t o   t he   s ample   su r f ace  is presented   in  
F i g u r e  11. A l s o  shown on this  plot  are  the values  of t h e  r e s p e c t i v e  e m i t t e r  
vacuum  work  funct ion.  
4. Scanning  Electron  Microscopy of E m i t t e r   S u r f a c e s  
For   those   emi t te r   bodies   tha t   were   e tched   to   y ie ld   the   des i red   (110)  
c rys ta l  o r ien ta t ion ,  scanning  e lec t ron  microscope  examinat ion  w a s  pe r fo rmed .  
A f luoride W emi t t e r   w i th  a prefer red   (100)   c rys ta l   o r ien ta t ion   was   deep   e tched  
to  y ie ld  (110)  c rys ta l  face ts .  A scanning electron microscope photograph of a 
t yp ica l  su r f ace  s t ruc tu re  i s  i l l u s t r a t ed  in  F igu re  12 .  
OTHER MATERIALS 
The   co l l ec to r   ma te r i a l ,  Nb, was produced by a vacuum  e l ec t ron   beam 
mel t ing  process .  Spec t rographic  and  chemica l  ana lys i s ,  hardness  and  micro-  
s t r u c t u r a l   e x a m i n a t i o n   w e r e   p e r f o r m e d   t o   a s s u r e   t h a t   t h e  Nb sat isf ied our  
mater ia l s  spec i f ica t ions .  
A lumina   ce ramic   pa r t s   were   f ab r i ca t ed   f rom  h igh   pu r i ty   ma te r i a l .  
The A1203 used in  the ceramic- to-metal  seal  had to   s a t i s fy   t he   r equ i r emen t  of 
Cs vapor  compatibi l i ty .  Therefore ,  an A1203 with low si l ica  content  was 
specif ied.  
The   W-Re   s t em  ma te r i a l   was   p roduced   by   chemica l   vapor   depos i t i on  
to  ou r  spec i f i ca t ions .  The  ma te r i a l  r ece ived  chemica l  and  spec t rog raph ic  
ana lys i s ,   m ic ros t ruc tu ra l   examina t ion   and   h igh   t empera tu re   hea t   t r ea tmen t s .  
T h e   r e s u l t s  of t hese   t e s t s   were   u sed   t o   de t e rmine   accep tance   o r   r e j ec t ion  of 
the   mater ia l .  
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F i g u r e  12. SCANNING ELECTRON MICROSCOPE OF SURFACE 
MICROSTRUCTURE OF FLUORIDE TUNGSTEN 
SAMPLE No. 15  A F T E R   D E E P   E T C H  
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TEST SERIES  PERFORMANCE RESULTS 
T h r e e   c y l i n d r i c a l   t h e r m i o n i c   c o n v e r t e r s   w e r e   b u i l t   a n d   t e s t e d .   T h e  
first two  (362  and  363)  contained emitters vapor   depos i ted   by  the hydrogen 
reduct ion of WCl6.  After  machining they were electropol ished to  expose 
t h e   p r e f e r r e d  (110) c rys t a l   o r i en ta t ion   ob ta ined  by the   depos i t ion   p rocess .  
T h e   t h i r d   c o n v e r t e r   c o n t a i n e d   a n   e m i t t e r   f a b r i c a t e d   b y  the W F 6  deposi t ion 
process  which  normal ly  y ie lds  the (100)  sur face  c rys ta l  o r ien ta t ion .  However ,  
after machining,  this emitter was   heav i ly   e l ec t roe t ched   t o   expose  (1 10)  c r y s t a l  
facets on  the  emi t t e r  su r f ace  (desc r ibed  e l sewhere  in  this report) .  While  the 
de t a i l ed   desc r ip t ions  of each of these c o n v e r t e r s  are d e s c r i b e d   i n  the next 
s e c t i o n s ,   s e v e r a l   g e n e r a l   c o m m e n t s   c a n   b e  made rega rd ing   t he  thermal, 
mechan ica l   and   t he rmion ic   behav io r  of these   devices .  
THERMAL  CHARACTERISTICS 
The   t he rma l   des ign  of the   conver te rs   p roved   to   be   adequate   to   meet   the  
des i red  objec t ives  as  ou t l ined  ear l ie r .  That  i s ,  no problems with secondary 
C s  r e se rvo i r s   were   encoun te red   du r ing   ope ra t ion  of the  three  devices .  
Excellent decoupling of the   emi t te r   and   co l lec tor   t empera tures   f rom  the   Cs  
reservoi r  tempera ture  was  achieved ,  a l lowing  da ta  tak ing  a t  var ious  Cs  pressures  
wi thou t  r ead jus t ing  o the r  t empera tu res .  The  ce ramic - to -me ta l  s ea l  ope ra t ed  
in  the desired temperature  range.  One therrrLal  problem did exis t  on the  f i r s t  
converter (362)"insufficient control over the collector heat balance.  When the 
co l lec tor   hea t   re jec t ion   pa th   was   made   smal l   enough s o  that adequate outgassing 
temperatures  could be achieved during processing,  the col lector  temperature  
ran  too  hot   during  ful l   power  operat ion  a t   h igh  current   densi t ies   (when  the  re ject  
hea t  i s  much h igher ) .  This  cons t ra in t  l imi ted  the  maximum curren t  dens i ty  
at  which the converter could be operated.  The problem was resolved on 
converters 363 and 364 by changing to a much higher  power capaci ty  Ta coaxial  
heater   surrounding  the  col lector   and  by  making  the  heat   re ject ion  capabi l i ty  
l a r g e r .  
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Emi t t e r   t empera tu re   measu remen t s   u s ing   t he   h igh   t empera tu re  W 
versus W-Re thermocouples  a lso proved diff icul t  to  achieve.  Cs resis tant  
ce ramic - to -me ta l   s ea l s   fo r   t he rmocoup le   f eed th roughs   were   e l imina ted  by 
re loca t ing   the   ho les   in   the   emi t te r   wal l   on   the   vacuum  s ide  of the   conver te r  
envelope  (near  the  e lec t ron  bombardment  f i lament ) .  This  dec is ion ,  in  tu rn ,  
caused  diff icul ty   due  to   the  tendency  for   the  f i lament   to   e lectron  bombard 
the  thermocouple  leads .  This  tendency ,  toge ther  wi th  the  genera l  d i f f icu l t ies  
assoc ia ted   wi th   h igh   tempera ture   thermocouples ,   p revented   amass ing   numerous  
da t a   po in t s   t o   compare   emi t t e r   t empera tu res   and   t empera tu re   d i s t r ibu t ions .  
However ,   us ing a Ta   s l eeve   t o   sh i e ld   t he   t he rmocoup les   f rom  the   bombard -  
ment   f i lament   a ided  great ly   in   a l leviat ing  this   problem  in   converter  363.  
F i g u r e  13 shows a compar ison   p lo t   o f   emi t te r   t empera tures   de te rmined  
by   var ious   methods   on   conver te r  363 and  a l so   shows a negligible  effect   due  to 
varying  the Cs t empera tu re   on   t hese   measu remen t s .   Compared  are: 
1 .  Thermocoup le  measu remen t s  0 .8 - inch  deep  
2. T h e r m o c o u p l e  m e a s u r e m e n t s  
3. The opt ical  pyrometer  reading 
4. Tempera ture  infer red  by  the  Wilk ins  d iagnos t ic  technique  us ing  (1) 
both  the  knee  and  igni t ion  currents .  
The  data   show  an  approximately 60 C tempera ture   g rad ien t   a long   the   emi t te r  
with  the  coolest   end  being  near   the  emit ter   lead as would  be  expected.  The 
o p t i c a l   p y r o m e t e r   m e a s u r e d  a tempera ture   somewhat   in   be tween  these   two 
thermocouple   measurements   bu t   favor ing   the   top   end .   The   tempera ture  
determinations  by  the  Wilkins '   diagnostic  technique  were  in  very  good  agree- 
ment   with the a v e r a g e s  of the thermocouple   readings  using  both  the  igni t ion 
and   knee   cu r ren t s .   Py romete r   measu remen t s   were   chosen   fo r   con t ro l l i ng  
emitter t e m p e r a t u r e s   f o r   t h e   t h r e e   c o n v e r t e r s   d u r i n g   p e r f o r m a n c e   a n d  life 
t e s t i n g .   T h e s e   p y r o m e t e r   m e a s u r e m e n t s   w e r e   c h o s e n   f o r   c o n t r o l   b e c a u s e  of 
repea tab i l i ty   and   they   were   in   good  agreement   wi th   bo th thermocouple   readings  
and Wilkins '  diagnostic techniques (within 20 C). 
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MECHANICAL  BEHAVIOR 
Mechanica l ly ,  the  three  conver te rs  behaved  a s  expected,  with two 
excep t ions .  Ea r ly  in  the  t e s t ing  sequence ,  a p rob lem occur red  due  to  
e m i t t e r - c o l l e c t o r  s h o r t s .  T h e s e  s h o r t s  w e r e  found to  be  r e l a t ed  to  two  poss ib l e  
causes .  First, a heat shield above the top of the emit ter  could have been 
misplaced.  Second,  the possibi l i ty  of the spacer  pins  becoming dis lodged 
f r o m   t h e   c e r a m i c s   a t   t h e   b o t t o m  of the  emi t te r  ex is ted .  Both  of these  poss ib le  
causes  were  cor rec ted .  The  second mechanica l  problem developed  la te  in  the  
opera t ion  of conve r t e r  364 when a ve ry   sma l l   l eak   deve loped   be tween   t he   Cs  
and vacuum environments .  This  leak in  no way h indered  the  conver te r  per -  
fo rmance  a s  the amount of CS (1 g r a m )   w h i c h  had been loaded into the converter  
was suff ic ient  to  complete  the l i fe  tes t ing.  However ,  the leak did shorten the 
fi lament l ife by about a f ac to r  of th ree ,   due   to   the   resu l t ing   pos i t ive   ion  
bombardment  of the  f i lament .  F i lament  changes  were  made  by  le t t ing  the  be l l  
j a r   down   to   d ry   n i t rogen   t o   p reven t   any  a i r  f rom  en ter ing   the   conver te r   and  
oxidizing the Cs .  This  ni t rogen was complete  exhausted from the converter  
aga in  before  tes t ing  w a s  resumed. The location of this leak, while not 
posit ively identified,  is thought   to   be  in   the  e lectron  beam  welded  region 
be tween the  emi t te r  and  the  W-Re emi t te r  suppor t  tube .  When the  emi t te r  
was etched to produce a p re fe r r ed  su r face ,  t h i s  we ld  z rea  was  inadve r t en t ly  
e tched ,  poss ib ly  resu l t ing  in  a weaker  joint .  
With these two except ions,  the mechanical  design proved to  be qui te  
s a t i s f ac to ry .  Each  of the weld and braze joints  maintained their  integri ty ,  
i nc lud ing  the  ce ramic - to -me ta l  s ea l s ,  fo r  t he  des i r ed  conve r t e r  lifetime. 
The   f i l amen t   des ign   p roved   ea sy   t o   f ab r i ca t e  and rep lace  in  the  conver te r .  
Some f i lament  changes were completed within a 4-hour period. 
~ THERMIONIC  TESTING 
E a c h  of t he   t h ree   conve r t e r s   were   sub jec t ed   t o  a n  in i t ia l   per formance  
map ,  a s t eady- s t a t e  t e s t  pe r iod  of 5000 hours ,  and a f ina l  per formance  map.  
The   pe r fo rmance   maps   cons i s t ed  of  tak ing  cur ren t -vol tage  p lo ts  a t  emi t te r  
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t e m p e r a t u r e s  of 1400, 1550, and 170OOC; c o l l e c t o r  t e m p e r a t u r e s  i n  t h e  r a n g e  
of 600, 800, and 1000°C; with  a t  l eas t  four  C s  p r e s s u r e s  f o r  e a c h  c o m b i n a t i o n  
of the above conditions.  
The   s t eady- s t a t e   t e s t ing   occu r red   a t   an   emi t t e r   t empera tu re  of 1700 C ,  0 
with collector and C s  r e se rvo i r   t empera tu res   a t   o r   nea r   op t imum  cond i t ions .  
Dur ing  the  s teady-s ta te  tes t ing  per iod ,  ces ia ted  emi t te r  and  co l lec tor  work  
funct ions were measured at  1000,  3000 and 5000 hours .  Each converter  was 
opera ted  a t  a different  current  densi ty--converter  362 a t  7. 8 A m p s / c m  , 
converter 363 at  13.  7 A m p s / c m  , and converter  364 at  1 0  A m p s / c m  . The 
cur ren t   dens i ty   for   conver te r   362   was   l imi ted   due   to   the   hea t   re jec t ion  
l imi ta t ion   ment ioned   ear l ie r ;   conver te r   363   was   opera ted   a t  a cur ren t   dens i ty  
r ep resen t ing  its maximum power point ;  and converter  364 was operated a t  
the   cur ren t   dens i ty   which  is mos t   r ep resen ta t ive  of present ly   envis ioned 
the rmion ic  r eac to r  sys t ems .  The  ' power  ou tpu t  a t  t he  10  Amps /cm po in t  
e i the r  r ema ined  s t eady  ( conve r t e r  364)  o r  i nc reased  ( conve r t e r s  362  and  363)  
dur ing  the  5000  hours  of life tes t  opera t ion .  The  de ta i led  opera t ion  of these  
devices  is discussed in  the next  sect ion,  fol lowed by a sec t ion  compar ing  
the   per formance  of t he   t h ree   dev ices .  
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2 2 
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CONVERTER 362 
1. Emitter Charac t e r i za t ion  
The   emi t te r   for   th i s   conver te r   was   p roduced   by   the   hydrogen   reduc-  
t ion of WCl6 at 1000°C. The  chemica l  and  spec t rog raph ic  ana lyses  a re  
re .por ted  in  Table  3 ,  sample  No. 2 .  An as-deposi ted microstructure ,  
i l l u s t r a t ed  in  F igu re  6 ,  was s ingle  .phase with typical  columnar  grains .  The 
x- ray  d i f f rac t ion  da ta ,  p lo t ted  in  F igure  11 ,  show a high degree of p re fe r r ed  
(110)  crystal  or ientat ion.  The vacuum work funct ion,  4 .  92 eV,  was high 
relat ive to  the value of approximate ly  4. 5 e V   f o r  (100) or ien ted  W. The 
su r face  of the  emi t te r  a f te r  e lec t ropol i sh ing  i s  i l lus t ra ted  in  F igure  14 .  
After vacuum heat treatment for 200 hours at  1675OC, there was evidence 
of grain growth,  thermal  grooving of the grain boundaries  and the surface 
topological  changes (Figure 15) .  
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Electropol ished 1 oox 
F i g u r e  14. SURFACE MICROSTRUCTURE OF SAMPLE No. 2 
EMITTER AFTER ELECTROPOLISHING 
w 
3 
Electropol ished 2 50X 
Figure 15. SURFACE MICROSTRUCTURE OF EMITTER 
SAMPLE No. 2 AFTER 200 HOURS A T  1675OC 
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This  emitter was   se lec ted   for   use   in   the   f i r s t   p ro to type   conver te r .  
However ,  during the ini t ia l  operat ion of this device ,  an  in te rna l  e lec t r ica l  
sho r t  c i r cu i t  occu r red  be tween  the  emitter and collector potentials.  The 
device   was   d i sassembled   and   the   cause  of the   shor t   c i rcu i t   inves t iga ted .  
The   emi t t e r   was   examined   v i sua l ly   and   me ta l log raph ica l ly   and   d imens iona l  
m e a s u r e m e n t s  w e r e  p e r f o r m e d .  No changes  were  de tec ted  and ,  therefore ,  
t he   emi t t e r   was   r ecommi t t ed   t o   t he rmion ic   t e s t ing   i n   conve r t e r   362 .  
2.  T h e r m i o n i c   P e r f o r m a n c e  
Fol lowing   emi t te r   charac te r iza t ion   and  first prototype converter  
fabr ica t ion ,   the   assembly   was   p rocessed   and   the   vacuum  work   func t ion  of the 
emi t t e r   measu red   i n   s i t u   p r io r   t o   i n t roduc t ion  of Cs.  A value of 4. 68 eV was 
measured- -s igni f icant ly   lower   than   tha t   de te rmined   dur ing   the   emi t te r   charac-  
ter izat ion.  Cesium was then introduced into the device and ini t ia l  tes t ing 
s t a r t ed .  A t  th i s  t ime,  an  emi t te r - to-co l ' l ec tor  shor t  occur red .  The  conver te r  
was   then   d i sassembled   and   the   shor t   was   cor rec ted .  
The  conve r t e r  was  then  r eas sembled  and  p rocessed  fo r  115  hour s  a t  
a n  e m i t t e r  t e m p e r a t u r e  of 170OoC and a co l l ec to r  t empera tu re  of 82OoC. The  
f inal   pressure  o 'btained  was 2 x tor r   wi th   the   conver te r   ho t .   The   emi t te r  
work  funct ion  was  then  remeasured  and  found  to  be 4 . 4 5  eV  ( these   var ia t ions  
a r e  d i s c u s s e d  l a t e r ) .  F o l l o w i n g  t h i s  m e a s u r e m e n t ,  Cs  was dis t i l led into the 
converter   and  the  device  was  readied  for   tes t ing.  
P r io r  t o  in i t i a l  t e s t ing ,  t he  conve r t e r  was  sub jec t ed  to  a s tabi l iz ing 
r u n  of approximate ly  200  hour s  a t  an  emi t t e r  t empera tu re  of 1700 C, a 
co l l ec to r  t empera tu re  of 600 C ,  and a C s  r e s e r v o i r  t e m p e r a t u r e  of 350 C. 
Fol lowing this  per iod,  an ini t ia l  performance map was taken at  var ious com- 
bin-tions of e m i t t e r ,  c o l l e c t o r ,  a n d  C s  r e s e r v o i r  t e m p e r a t u r e s .  F i g u r e  16 
shows the I - V  c h a r a c t e r i s t i c s   f o r   a n   e m i t t e r   t e m p e r a t u r e  of 17OO0C, a 
co l l ec to r   t empera tu re  of 7OO0C and s e v e r a l  Cs r e s e r v o i r   t e m p e r a t u r e s .  
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The converter  was next  placed on l i fe  test a t  the condi t ions shown in 
Tab le  4. 
Tab le  4. 
Input   Power  Densi ty  
Output   Power  Densi ty  
52. 8 W / c m  
5 . 4  w / c m 2  
2 
Output   Current   Densi y 7. 75 A m p s / c m  
Output  Voltage 0. 70 Volts 
E m i t t e r   T e m p e r a t u r e  171OOC 
Col lec tor   Tempe ature   (Opt imum) 7OO0C 
C e s i u m   R e s e r v o i r   T e m p e r a t u r e  36OoC 
2 
Direc t   cu r ren t   ope ra t ion   a t  a higher  current  densi ty  was precluded 
due   t o  a l imi t a t ion   i n   t he   co l l ec to r   hea t   r e j ec t ion   sys t em  a s   desc r ibed   ea r l i e r .  
The  Cs  r e se rvo i r  t empera tu re  was  se t ,  nowever ,  a t  t he  va lue  wh ich  wou ld  g ive  
maximum power output  if  t he  conve r t e r  were  run  a t  t he  h ighe r  cu r ren t  dens i ty  
(approximately 15.  5 Amps /cm2   a s   i nd ica t ed   i n   t he   i n i t i a l   pe r fo rmance   maps ) .  
The  s igni f icant  parameters  main ta ined  dur ing  the  5000-hour  l i fe  test 
a r e  plotted in Appendix A - 1 .  The power input and power output track each other 
and a r e  within about 5 7 ~  of the  ini t ia l  life test   point  throughout  the  5000  hours.  
The   op t imum  Cs   t empera ture   a t   the   maximum  power   po in t   a l so   remained   very  
s table  through this  per iod (approximately 5 C max imum va r i a t ion ) .  0 
Following the 5000-hour  l i fe  tes t ,  a pe r fo rmance  map  was  aga in  t aken  
for  the var ious emit ter ,  col lector  and C s  r e s e r v o i r  t e m p e r a t u r e s .  F i g u r e  1 7  
shows the  I -V charac te r i s t ics  for  an  emi t te r  tempera ture  of 1700 C and a 
co l l ec to r  t empera tu re .  of 7 10 C. P e r f o r m a n c e   c h a r a c t e r i s t i c s   i m p r o v e d  
after 5000 h o u r s  of life t e s t ing   ( compar ing   F igu re  16 wi th   F igu re  17). 
0 
0 
Per iod ic  checks of the h i g h e r   c u r r e n t   r e g i m e s   w e r e  made during the 
life tes t ing  us ing  an a. c. sweep.  Figure 18 shows the maximum power  poin t  
as a function of time using these m e a s u r e m e n t s .   F r o m  this f igure ,  it c a n  be 
s e e n  that the   max imum  power   po in t   i nc reased   marked ly   du r ing  the first 1000 
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OF T I M E  
hours ,  but  was relat ively s teady thereaf ter .  The same effect  can be seen by 
comparing the ini t ia l  and f inal  performance a t  10 A m p s / c m 2   v e r s u s  emitter 
temperature  as  shown in Figure 19.  
This   increased   per formance  is bel ieved  to   be  due  to   changes  in   emit ter  
work function. Some indications of ces ia ted  emi t te r  work  func t ion  change  are  
appa ren t   f rom  the   T /TR  p lo t s   fo r   t he   emi t t e r   a s   shown   in   F igu re  20,  although 
there   i s   s ign i f icant   sca t te r   in   the  d a t a .  
A be t t e r   measu remen t  of the  emit ter   e lectrode  change  is   shown  by  the 
vacuum  work  function  measurement  which  was  taken  in  si tu  following  the 5000-  
hour  tes t  (and confirmed la ter  during the post- tes t  analysis  descr ibed la ter) .  
Fol lowing the l i fe  tes t ,  the  Cs reservoir  was removed and the converter  replaced 
in the vacuum test  stand. At 17OO0C, a vacuum work function of 4. 71 eV was 
m e a s u r e d  and this  value remained s table  over  a t es t  t ime of 200  hours.  
Compar i son  of this   work  funct ion  with  other   his tor ical   measurements  of the 
emi t t e r  is shown in Table 5. 
Tab le  5. EMITTER VACUUM WORK FUNCTION MEASUREMENTS 
ON CONVERTER 362 
Condition 
Work  Funct ion 
(Volts)  
In i t ia l ,  before  assembly  in to  conver te r  
Af te r  assembly  in to  conver te r ,  p r ior  
to   introducing  Cs 
Removed  due   to   in te rna l   shor t   and   reassembled  
into converter ,  before  introducing Cs 
Af ter   5000-hour   t es t  at 17OO0C in   s i tu ,  
C s  r e m o v e d  
In   vacuum  work   func t ion   appara tus  
a f t e r  5000 h o u r s ,   e m i t t e r   r e m o v e d   f r o m  
t h e   c o n v e r t e r  
4. 92 
4. 68 
4. 45 
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Figure  19. CONVERTER 362 OUTPU3 POWER DENSITY AT A CURRENT 
DENSITY O F  10 A m p s / c m  
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Figure  20. CONVERTER 362 CESIATED EMITTER WORK FUNCTION 
MEASUREMENTS 
These   da ta   ind ica te  a s ignif icant   change  in   work  funct ion  between 
s t eps  (1) and (2)  and another between (2) and ( 3 ) .  The  r eason  fo r  t hese  changes  
has  not  been  def in i te ly  de te rmined .  However ,  the  change  f rom s tep  ( 3 )  t o  
s t e p  (4) could  explain  the  increase  in   converter   performance  with  increasing 
t i m e  d u r i n g  t h e  first 1000 hours.  A poss ib le  cause  of these work funct ion 
changes is d iscussed   in   the   pos t - tes t   examinat ion   por t ion  of the   repor t   which  
follows. 
3 .  P o s t  -test Examinat ion  
a .  Emitter Examinat ion 
A f t e r  the 5000-hour  l i fe  tes t ,  the  C s  was   r emoved   f rom  the  
c o n v e r t e r   b y  a low  tempera ture   hea t ing   cyc le   whi le   main ta in ing   the  Cs  r e s e r v o i r  
a t  room t empera tu re .  Fo l lowing  th i s  ope ra t ion ,  t he  Cs r e s e r v o i r  w a s  r e m o v e d ,  
the  converter   placed  in   the  vacuum test s tand  and  vacuum  work  funct ions  were 
pe r fo rmed  on  the  emi t t e r .  These  r e su l t s  have  been  r epor t ed  in  a previous 
sect ion.  
In  the process  of d i sa s sembly ,   d imens iona l   measu remen t s  
were performed on the emit ter  and no dimensional  changes were observed.  
The  emi t t e r  su r f ace  was  ve ry  c l ean  a s  shown in  F igure  21 .  Sur face  examina-  
t ion  of the emitter revealed  thermal   e tched  grain  boundaries   and  very  large 
g ra ins  (F igu re  22 ) .  Th i s  su r face  mic ros t ruc tu re  is typical  of o the r  su r faces  
of CVD-W that have operated for prolonged periods a t  t e m p e r a t u r e s  of 1600 
t o  1800OC. 
In o r d e r   t o   d e t e r m i n e  i f  t he   p re fe r r ed   c rys t a l   o r i en ta t ion  of 
t he   emi t t e r  had changed during the 5000-hour  tes t ,  x-ray diffract ion of the  
emi t te r  sur face  was  repea ted .  The  before  and  af te r  tes t  da ta  a re  p lo t ted  as  
the   f rac t ion  of s ample   a r ea   hav ing  < l l O >  axes  lying  within  angle 0 f rom  the  
n o r m a l   t o   t h e   s u r f a c e   v e r s u s  tilt angle in Figure 23. Although the data show 
a smal l  change  in  the  (110)  poles ,  there  were  very  la rge  f luc tua t ions  in  
in t ens i ty   a s   t he   s ample   was   ro t a t ed   wh ich  is an  indicat ion of v e r y   l a r g e   g r a i n s  
40 
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in  the specimen.  This  effect  leads to  poor  count ing s ta t is t ics  and may account  
for  the difference between the two curves shown in Figure 23.  The (211)  and 
(200)  re f lec t ions  were  measured  for  01 = 0 and no s ignif icant  intensi ty  over  
background was observed for  e i ther  of these   p lanes .  
0 
After  the  x- ray  d i f f rac t ion  ana lys i s ,  the  emi t te r  was  e lec t ro-  
e t ched   t o   de t e rmine   t he   su r f ace   o r i en ta t ion   by   t h i s   t e~hn ique !~’  8, Upon etching 
t h e  s u r f a c e ,  v e r y  l a r g e  g r a i n s  b e c a m e  v e r y  d i s c e r n i b l e .  T h e  e t c h  pit 
geometry   cor responded  to   c rys ta l   o r ien ta t ions   p redominant ly  of (1 10)  o r i en -  
ta t ion .  However ,  there  were  a few gra ins  of (114) and other orientations 
such  as  (112)  and  (111)- -see  F igure  24.  
A f t e r  the  e tch  p i t s  were introduced and during the course of 
sur face  examinat ion ,  a second phase,Widmanstat ten or  acicular  in  nature ,  
was  observed  (F igure  25 ) .  This  phase was present  in  suff ic ient  quant i t ies  
to   permi t   ident i f ica t ion   by   x - ray   d i f f rac t ion .  A weak   x- ray   d i f f rac t ion   was  
obtained, the latt ice was indexed and the second phase was tentatively 
identified a s  tungs ten  carb ide  (WC).  TWO poss ib le  sources  of carbon have 
been ident i f ied:  the vacuum f i r ing system which uses  an oi l  diffusion pump 
and  e lectr ic   discharge  machining  operat ion  which  were  used  to   make  the 
emi t te r  thermocouple  holes .  
Scanning   e lec t ron   microscope   examinat ion  of the   sur face  w a s  
per formed pr ior  to  des t ruc t ive  meta l lography.  The  sur face  appeared  smooth  
except  for  the appearance of a few sca t te red  ac icu lar  or  needle  pro t rus ions  
(F igu re  26 ) .  These  observa t ions  cor robora te  the  f ind ings  of the conventional 
meta l lographic   examinat ion .  
A t r a n s v e r s e   s e c t i o n  of the  emit ter   which  included a t h e r m o -  
couple  hole ,  was prepared for  metal lographic  examinat ions.  Observat ions of 
t h i s  s ec t ion  were  made  bo th  be fo re  and  a f t e r  e t ch ing .  The  mic ros t ruc tu re  of 
the  C1 CVD-W had v e r y  l a r g e  g r a i n s  ( F i g u r e  27). In the region of the 
thermocouple  hole  (F igure  28)  no  second phase  or  contaminat ion  assoc ia ted  
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Figure  25 .  ACICULAR STRUCTURE ON 362 EMITTER 
SURFACE  AFTER  ETCHING 
3000X 
F i g u r e  26. SCANNING ELECTRON MICROSCOPE 
PHOTOGRAPH OF 362 EMITTER SURFACE 
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F i g u r e  27.  LARGE GKAINS IN TRANSVERSE SECTION OF 
EMITTER 362 
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F i g u r e  28 .  THERMOCOUPLE HOLE IN TRANSVERSE 
SECTION OF EMITTER 362 
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with EDM was observed.  At  higher  magnif icat ion,  the grain boundaries  in  
th i s  reg ion  were  c lean- - i .  e. , no second phases .  However ,  observat ions at  
t he   su r f ace   r evea led   t he   p re sence  of a second  phase  which  penetrated  at   the  grain 
boundaries  of the W. The  concent ra t ion  of t h i s  phase  was  g rea t e r  a t  t he  su r face  
and  rap id ly  d iminished  in  progress ing  f rom the  sur face .  These  resu l t s  ind ica te  
tha t   the   sur face   contaminat ion  is not   assoc ia ted   wi th   the   EDM  process   bu t   may 
be   re la ted   to   the   vacuum  f i r ing   in   the   o i l   d i f fus ion   sys tem.  
The  contaminat ion of the  surface  with  carbon  would  a l ter   the  
vacuum work funct ion and,  hence,  performance of the  conver te r .  It is hypothesized 
tha t   the   p resence  of ca rbon   on   t he   emi t t e r  is responsible   for   both  the  var ia t ions 
in   work  funct ion  measurements   and  the  measured  changes  in   the  converter  
maximum power point.  It is impor tan t  to  note  tha t  the  smal l  amount  of ca rbon  
present   would  not   inf luence  the  x-ray  resul ts  of c rys ta l   o r ien ta t ion .  
b .   Col lec tor   Examinat ion  
A compar i son  of the  pre-  and  pos t -d imens iona l  measurements  
of the Nb col lector  revealed no change.  Visual  examinat ion of t he  su r face  
revea led  a c l ean   su r f ace   w i th   ve ry   l a rge   g ra ins   a s   i l l u s t r a t ed   i n   F igu re  29 ,  a 
photograph of a longitudinal section of t he  co l l ec to r .  The  su r face  was  a l so  
examined under  a scanning electron rrl1croscope and other than evidence of 
the  machin ing  marks  no  unusual  sur face  fea tures  were  d iscerned .  A typical  
scanning   e lec t ron   micros t ruc ture  of su r face  is shown  in   F igure  30. 
The   co l lec tor   sur face   was   subjec t   to   x - ray   f luorescence   and  
spa rk  emis s ion  ana lys i s  spec t rog raphy .  The re  was  no  ev idence  of W or  o ther  
minor  impuri t ies  on the Nb col lector  surface.  On t h e  b a s i s  of t hese  da t a ,  it 
would appear  that  the observed changes in  converter  performance are  
assoc ia ted   wi th   the   changes   in   the   thermionic   charac te r i s t ics  of the emitter. 
A f t e r  these   examinat ions ,  a t r a n s v e r s e   s e c t i o n  of the   co l lec tor  
was  prepared  for  meta l lographic  examinat ion .  The  micros t ruc ture  cf the Nb 
revea led  very  la rge  gra ins  and  a c lean  s ingle  phase  micros t ruc ture  (F igure  31) .  
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F i g u r e  30. SCANNING ELECTRON MICROSCOPE VIEW OF THE 
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Figure 31. MICROSTRUCTURE O F  TRANSVERSE SECTION 
O F  NIOBIUM  COLLECTOR O F  CONVERTER 362 
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F i g u r e  32. MICROSTRUCTURE O F  TRANSVERSE SECTION 
OF ALUMINA-KOVAR S E A L  JOINT OF 
CONVERTER 362 
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Examinat ion of the   co l lec tor   sur face   a t   h igh   magni f ica t ions   (up   to   1000 
magnif icat ions)  revealed no unusual  features  or  surface layers .  
C .  Examinat ion  of Other   Conver te r   Components  
The post- tes t  analysis  a lso included examinat ion of t h e   c e r a m i c -  
t o -me ta l  s ea l ,  t he  V b r a z e  of the N% t o  W - R e  emi t te r  s leeve ,  and  the  e lec t ron  
beam  weld  of the   W-Re  s leeve   to   the   emi t te r .  
(1 1 Ceramic - to -Meta l   Sea l  
A m i c r o s t r u c t u r e  of t he   t r ansve r se   s ec t ion  of the 
alumina-to-Kovar  seal  joint  using a Cu braze is  shown in Figure 32.  This  seal  
joint  remained leak t ight  for  the 5000 hours  of t e s t ing .  The  Kovar  sea l  member  
was joined to  a Nb u-pper  emi t te r  s leeve  s t ruc ture  wi th  a C u  b r a z e .  T h e  m i c r o -  
s t r u c t u r e  of the joint  in the unetched and etched condition i s  shown in 
Figures  33a and b,  respect ively.  
(2 1 Niobium  to   W-Re  Joint  
The  uppe r  emi t t e r  s l eeve  s t ruc tu re  cons i s t ed  of a N b  
sleeve joined to  a W-22 W / O  Re  lower  emi t t e r  s l eeve  wi th  a V b r a z e .  T h i s  
joint  operated successful ly  throughout  the l i fe  tes t  of the  conver te r .  The  
excel lent  V b raze   pene t r a t ion   and   mic ros t ruc tu re   a r e   shown   in   F igu res   34a  
and  b .  The  mic ros t ruc tu re  appea red  me ta l lu rg ica l ly  sound- - i .  e . ,  no porosity 
or  in te rmedia te  phase  format ion .  
(3 1 W-Re  to   Emi t te r   Jo in t  
The   l ower   emi t t e r   s t ruc tu re   was   fo rmed   by   e l ec t ron  
beam welding the W - 2 2  w/o  Re  s l eeve  to  the  CVD-W.  A typ ica l  mic ros t ruc tu re  
of this  joint  is  i l lustrated in  Figure 35.  An excellent weld penetration and 
coa r se   g ra ined   s t ruc tu re   i s   ev iden t   i n   t h i s   f i gu re .  
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F i g u r e  33. MICROSTRUCTURE OF KOVAR-TO-NIOBIUM JOINT 
OF SEAL AREA OF CONVERTER 362 
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F i g u r e  34. MICROSTRUCTURE O F  NIOBIUM TO W-Re  JOINT IN 
UPPER EMITTER STRUCTURE OF CONVERTER 362 
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Figure  35. MICROSTRUCTURE O F  ELECTRON BEAM 
WELD O F  W-22 w / o  R e  EMITTER  SLEEVE 
T O  362 W EMITTER 
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A l l  of the   key   jo in ts   in   the   conver te r   per formed  sa t i s fac tor i ly  
for the 5000-hour test  l ife.  Based upon these examinations,  there is  no reason 
to believe that l ife well  beyond the 5000 hours could not be achieved. 
CONVERTER 363 
1 .   Emi t t e r   Cha rac t e r i za t ion  
The  emi t te r  used  for  th i s  conver te r  w a s  produced from WC16. The 
chemica l   composi t ion   i s   repor ted   in  Table 3 and w a s  identical  to the Cl-CVD-W 
used in the emitter of conver te r  362.  A mic ros t ruc tu re  cons i s t ing  of fine 
co lumnar  gra ins  and clean s ingle  phase W was evident  in  the as-received 
m a t e r i a l  ( F i g u r e  36) .  T h i s  m i c r o s t r u c t u r e  i s  not unlike that observed in the 
C1-CVD-W emit ter  used in  converter  362 (F igu re  6) .  
The  emi t te r  spec imen was  machined  and  e lec t ropol i shed  pr ior  to  
vacuum work  func t ion  measurements  and x - ray  d i f f r ac t ion  ana lyses .  Su r face  
examinat ion of the   e lec t ropol i shed   emi t te r   revea led  a c lean   sur face   wi th  
sharp ly   def ined   gra in   boundar ies .   The   vacuum  hea t   t rea tment   t ime  for   con-  
v e r t e r  362 extended  to  200 h o u r s   t o   a s s u r e  a s table   vacuum  work  funct ion.  
Th i s   hea t   t r ea tmen t  time was   r educed   t o  50 h o u r s   f o r   c o n v e r t e r  363. Such 
a reduct ion   was   poss ib le   because   there   was   no   change   in   the   measured  
vacuum  work  funct ion  during  the  200  hour   heat   t reatment   per iod.   After  
50 hours  at 1700 C in   vacuum  work  funct ion  apparatus ,   the   surface  micro-  
s t ruc ture  showed evidence  of some gra in  growth  ( F i g u r e  37) .  The vacuum 
work  function of this e m i t t e r   w a s   m e a s u r e d   t o   b e  4.70 ? 0 . 0 2  eV. Th i s   com-  
p a r e s   t o  a value of 4. 92 f 0.02 eV  for  the e m i t t e r  of c o n v e r t e r  362. X - r a y  
diffract ion  analysis  of the c o n v e r t e r  363 emi t t e r   r evea led  a high  degree  of 
p r e f e r r e d  ( 110) c rys t a l   o r i en ta t ion   bu t   was   l e s s   t han   measu red   fo r   emi t t e r  
362 ( emi t t e r  No. 2, F i g u r e  11). 
2 .  T h e r m i o n i c   P e r f o r m a n c e  
0 
~~ ~ ~ 
This   conve r t e r   was   i den t i ca l   t o   conve r t e r  362 except   for   using:  
emit ter   with a lower  init ial   bare  work  function  (4.72  eV  instead of 4.92 
a n  
e v ) ,  
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F i g u r e  36. MICROSTRUCTURE OF AS-DEPOSITED C1-CVD-W, SAMPLE 
No. 8 (EMITTER 363)  
F i g u r e  37. SURFACE MICROSTRUCTURE O F  EMITTER 363 (SAMPLE 
No. 8)  A F T E R  50 HOURS AT 170OoC 
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a higher   power   capac i ty   hea te r ,  and b razed- in   co l l ec to r   t he rmocoup les .  
P r o c e s s i n g  times varied f o r  each c o n v e r t e r  since the criteria w a s  that a 
p r e s s u r e  of less than  5 x 1 0  t o r r  be attained. Al though conver te r  362 
w a s   p r o c e s s e d   f o r  200 h o u r s ,  this c o n v e r t e r  363 w a s   p r o c e s s e d   o n l y  20 
hours  when  a pressure of 2.7 x 10  to r r  was  a t t a ined  wi th  the emitter at 
175OoC a n d  the co l l ec to r  at 865OC. T h e r e a f t e r ,  the emitter work  func t ion  
w a s   m e a s u r e d  in s i tu   and   found   t o  be 4.26 eV. Next, Cs w a s  distilled i n  the 
c o n v e r t e r   a n d   t h e  device o p e r a t e d   f o r  a s tab i l iz ing   run  of 100   hours  at a n  
emitter t e m p e r a t u r e  of 1700 C, a c o l l e c t o r  t e m p e r a t u r e  of 800 C,  a n d  a 
Cs  r e s e r v o i r  t e m p e r a t u r e  of 355OC. Following this ,  ini t ia l  tes t ing was begun.  
- 6  
- 6  
0 0 
P e r f o r m a n c e   m a p s   w e r e   t a k e n   f o r   e m i t t e r   t e m p e r a t u r e s  of 1400, 
1550, and 17OO0C, wi th  co l l ec to r  t empera tu res  f rom 600  to  960OC. F i g u r e  38 
shows a m a p  of the I - V  data ta.ken at 1700 C with a co l l ec to r   t empera tu re  of 
80OoC. Maps  taken  a t  o ther  condi t ions  a re  shown in  Appendix  B-1.  Following 
th is  tes t ing ,  da ta  poin ts  a t  emi t te r  tempera tures  of 1550 and 170OoC and a 
co l l ec to r  t empera tu re  of 800 C were  repea ted .  These  maps  showed a signifi-  
can t  dec rease  in  pe r fo rmance ,  a s  shown  in  F igu re  39  fo r  t ne  1700  C e m i t t e r  
t empera tu re  case .  The  r eason  fo r  t h i s  dec rease  has  no t  been  de f in i t e ly  
determined but could possibly be due  to  insuf f ic ien t  ou tgass ing  of the 
conver te r .  The  conver te r  was  next  p laced  in  opera t ion  a t  condi t ions  s imi la r  
to  the  l i fe  tes t  po in t  of conver te r  362-- i .  e. , TE = 17OO0C, T C  = 73OoC, 
T C s  = 34OoC, and Io = 80 Amps) ,  whi le  a dec is ion  was  reached  regard ing  the  
desired l i fe  tes t  operat ing condi t ions.  The converter  operated s teadi ly  
except  for  one interrupt ion to  conduct  a spec ia l  t e s t .  Th i s  t e s t  cons i s t ed  of 
ope ra t ing  the  conve r t e r  a t  cons t an t  emi t t e r ,  co l l ec to r  and  Cs  r e se rvo i r  
tempera tures ,  whi le  I - V  p ic tures  were  obta ined  a t  va r ious  cu r ren t  dens i t i e s  
r ang ing   f rom 7. 5 A m p s / c m 2   t o  16 Amps /cm2 ,   t o   con f i rm  tha t   t he   d .   c .  and 
a .  c .  load l ines  were the same.  The  resu l t s  d id  provide  th i s  conf i rmat ion;  
current   densi ty   was  found  to   have  no  effect   upon  the  load  l ines   obtained.  
0 
0 
0 
A f t e r  700 hours of ini t ia l  tes t ing and operat ion,  the converter  was 
placed  on  l i fe   tes t   a t   the   operat ing  condi t ions  shown  in   Table  6.  
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F i g u r e  40. CONVERTER 363 VOLT-AMPERE CHARACTERISTIC - -  LIFE 
TEST PERFORMANCE 
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Figure 41. CONVERTER 3 6 3  VOLT-AMPERE CHARACTERISTICS 
( TE = 17OO0C, T C  = 805OC) -- FINAL TEST 
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3 .  Pos t - t e s t   Examina t ion  
A cur so ry   examina t ion   was   . pe r fo rmed  on the  components  of this  
converter .  Emphasis ,  however ,  was placed on the examinat ion of t he  emi t t e r .  
a .  Emitter Examinat ion 
No  d imens iona l   changes   occur red   in   the   emi t te r   dur ing   the  
5000 hours  of tes t ing  a t  17OO0C, observa t ions  of t he  emi t t e r  su r f ace  r evea led  
a c lean  micros t ruc ture  wi th  ev idence  of grain growth (Figure 44) .  Since 
x - r ay   d i f f r ac t ion   ana lys i s  of crystal   or ientat ion  was  not   included  in   the  post-  
t es t  examinat ion ,  the  emi t te r  sur face  was  e lec t roe tch  p i t ted  in  order  to  
obtain information on the crystal  or ientat ion of t he  emi t t e r  su r f ace .  Af t e r  
the  e lec t roe tch ing  procedure ,  the  gra in  s t ruc ture  of t he   su r f ace   became   ve ry  
evident a s  shown in Figure 45.  Very large grains  a r e  c l ea r ly  d i sce rn ib l e  
in   th i s   f igure .  
The   e l ec t roe t ched   emi t t e r   was   s canned   ove r   mos t  of the 
su r face  j n d  the   observa t ions   revea led   no   ev idence  of gra ins   wi th  (100) or  
near  (100)  or ien ta t ion  e tch  .p i t s - - i .  e , ,  (106)  and  (103) .  However ,  a number 
of g ra ins   d id   e tch   wi th   e tch   p i t   geometr ies   tha t   def ine  a (114) and (118) 
c rys ta l  o r ien ta t ion .  A grain with (1 14)  e tch pi ts  is i l lus t ra ted  in  F igure  46 .  
In  genera l ,  i t  appeared  tha t  the  sur face  of t h e   e m i t t e r   f r o m   c o n v e r t e r  363 
had a g rea t e r   pe rcen tage  of grains   with  (1   14)   and  (1   18)   e tch  pi ts   than  did  the 
emi t t e r   f rom  conve r t e r   362 .  
During  the  examinat ion of the   e tched   sur face  of emi t te r   363 ,  
a second phase was observed.  This  phase was present  in  small  amounts  
over   the   en t i re   emi t te r   and   was  of an   ac icu lar   morphology  (F igure   47) .  
The   s t ruc ture   was   no t  a s  sharply defined and with the prounounced acicular or 
Widmanstat ten  morphology  as   that   observed  on  the  surface of the   emi t te r  
of conve r t e r  362 (F igu re   25 ) .  
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F i g u r e  44. SURFACE MICROSTRUCTURE OF EMITTER 363 
A F T E R  5226 HOURS AT 17OOOC 
F i g u r e  45. EMITTER FROM CONVERTER 3 6 3  AFTER 
ELECTROETCHING OF SURFACE 
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Figure 47. SECOND PHASE PRESENT ON SURFACE OF 
CONVERTER 363 EMITTER 
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Although  the   phase   was   p resent   in   smal l   amounts ,  it was   poss ib le  
to   . pe r fo rm  an   x - r ay   d i f f r ac t ion   ana lys i s   i n   an   a t t empt   t o   i den t i fy   t h i s   phase .  A 
d i rec t   x - ray   d i f f rac tometer   method  was   used;   th i s   method  could   no t   de tec t   the  
p r e s e n c e  of the second phase.  Therefore ,  a back-ref lect ion pin hole  technique 
was  used  wi th  l imi ted  success .  Weak and  broad  d i f f rac t ion  l ines  o ther  than  
those .caused by the W matr ix  were  de tec ted .  The  d i f f rac t ion  l ines  agreed  fa i r ly  
wel l  wi th  the  ASTM data  for  a -W2C.  The  phase  WC was  not  checked  because  I'd" 
va lues  were  no t  ava i l ab le  f rom the  back- re f l ec t ion  l i nes  of this  pat tern.  However ,  
the possibi l i ty  of this  phase being present  could not  be ruled out .  The presence 
of compounds of carbon  on   the   sur face  is cons is ten t   wi th   the   resu l t s  of the 
post- tes t  examinat ion of 362 emi t t e r .  The  d i f f e rences  in  the  morpho logy  of 
the  second phase  observed  on  the  sur faces  of 362 and 363 may, in part, explain 
the tentat ive ident i f icat ion of  WC and cr-W2C, respectively,  on the  emi t t e r s .  
b .   Col lector   Examinat ion 
Examinat ion  of the   co l lec tor   was   l imi ted   to   d imens iona l  
measurements  and  v isua l  observa t ion  of the  sur face .  No dimensional  changes 
were  obse rved .  In  o rde r  t o  examine  the  co l l ec to r  su r face ,  t he  co l l ec to r  sub -  
assembly was sect ioned in  the longi tudinal  plane.  A photograph of the longi- 
tud ina l  sec t ion  i s  shown in  F igure  48. The  co l lec tor  sur face  was  c lean  wi th  
no evidence of any de-posi ts  or  contaminat ion.  This  was corroborated by 
scann ing  e l ec t ron  mic roscope  examina t ion  of the  sur face .  A view of the 
surface at  300X (Figure 49)  shows the or iginal  machining marks and otherwise 
c l ean   su r f ace .  
On the   bas i s  of t he   r e su l t s  of the  l imited  post- tes t   examinat ion of 
converter  363,  the change in  converter  performance was,  in  par t ,  associated 
with the presence of carbon on  the  sur face  of the C1-CVD-W emitter.  Since 
the   co l l ec to r   su r f ace   was   c l ean ,  it would appear  that  the col lector  exer ted 
l i t t l e ,  i f  any, influence on the  ea r ly  changes  in  the  pe r fo rmance  of the 
conve r t e r .  
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F i g u r e  48. LONGITUDINAL SECTION OF NIOBIUM 
COLLECTOR FROM CONVERTER 3 6 3  
F i g u r e  49. SCANNING ELECTRON MICROSCOPE VIEW 
O F  3 6 3  COLLECTOR SURFACE 
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CONVERTER 364 
1 .  E m i t t e r   C h a r a c t e r i z a t i o n  
T h e   e m i t t e r   f o r   u s e   i n   t h i s   c o n v e r t e r   w a s   p r e p a r e d   b y   t h e   h y d r o g e n  
reduct ion  of WF6. Tungstnn produced by this deposit ion method generally 
y i l l d s  a p re fe r r ed   (100)   c rys t a l   o r i en ta t ion   on   t he   emi t t e r   su r f ace .  
The   chemica l   composi t ion  of the CVD-W emit ter  is presented in  
Tab le  3 ,  s ample  15. A ty .p ica1  micros t ruc ture  of t he  a s - r ece ived  ma te r i a l  
is  shown in Figure 7. T h e  m i c r o s t r u c t u r a l  r e s u l t s  of t he  g ra in  g rowth  t e s t  
for  2 h o u r s   a t  20OO0C and the swel l  tes t  of 1 hour  a t  250OoC a re  p re sen ted  in 
F i g u r e s  8 and 9,  respect ively.  Metal lographic  examinat ion of t h i s  m a t e r i a l  
r evea led   t yp ica l   co lumnar   g ra in   s t ruc tu re   w i th  a c lean   s ing le   phase   s t ruc ture .  
The   cy l indr ica l   emi t te r   was   p repared   for   vacuum  work   func t ion  
measurements   and   x- ray   d i f f rac t ion   ana lys i s   to   de te rmine   the   degree  of 
prefer red  (100)  c rys ta l  o r ien ta t ion .  Vacuum work  func t ion  measurements  on 
th i s   emi t t e r   y i e lded  a value of 4. 72 2 0. 02 eV;  a value  s l ight ly   higher   than  that  
r epor t ed  by  o the r  i nves t iga to r s .  ( 5 y  9, X- ray  d i f f r ac t ion  ana lys i s  t o  d e t e r m i n e  
the   deg ree  of  (100)  preferred or ientat ion was accomplished by measuring the 
x- ray  in tens i ty  as  the  sample  was  ro ta ted  about  the  cy l indr ica l  a x i s  to  give 
an  ave rage  ove r  t he  c i r cumfe rence  of t he  emi t t e r .  The  spa t i a l  d i s t r ibu t ion  
of (100)  a x e s  a s  a function of t i l t  angle is shown in Figure 50.  This plot  
shows a h igh   deg ree  of p re fe r r ed   c rys t a l   o r i en ta t ion .  
Af t e r  t hese  cha rac t e r i za t ion  s tud ie s  were  made ,  t he  emi t t e r  was  
l ight ly  e tch pi t ted i 5 ’  9, to  cor robora te  the  sur face  or ien ta t ion .  The  sur face  
etch pi ts  revealed a h igh   deg ree  of p re fe r r ed   (100)   c rys t a l   u r i en ta t ion   i n  
addi t ion to  a smal l  amount  of (110),  (114),  and (103) oriented grains.  These 
da t a  a re  cons i s t en t  w i th  the  x - r ay  d i f f r ac t ion  r e su l t s .  A typ ica l  su r f ace  
m i c r o s t r u c t u r e  of the etch pit ted W i s  i l l u s t r a t ed  in  F igu re  51. Those  g ra ins  
tha t   d i f f e r   f rom  the  (100)  o r i en ta t ion   appea r   a s   t he   deep ly   e t ched   g ra ins   i n  
the f igure.  In  Figure 51b,  the at tack on the grain boundaries  is very  ev ident .  
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Figure 51.  MICROSTRUCTURES OF ELECTROETCHED SURFACE OF 
EMITTER 364 
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F i g u r e  52. MICROSTRUCTURES OF SURFACE OF EMITTER 364 
AFTER 40 SECONDS OF ELECTROETCHING 
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Afte r  40 seconds  of  e lec t roe tch ing ,  there  was  grea te r  pene t ra t ion  a long  the  
g ra in   boundar i e s   and   more   e t ch   p i t s   were   p roduced   a s   shown   in   F igu re  52. 
The  e tch  p i t s  (F igure  52b) def ine the cube or  (100)  c rys t a l  o r i en ta t ion .  
Fol lowing  the  sur face  e tch  p i t  ana lys i s ,  the  W emitter was  e lec t roe tched  
to  se l ec t ive ly  expose  the  ( 1 1 0 )  c rys t a l  f ace t s .  These  c rys t a l  f ace t s  exh ib i t  t he  
highest   work  funct ion  in   metals   with a body-cen te red -cub ic   c rys t a l   s t ruc tu re .  
A 3o/c sodium hydroxide (NaOH) etching solution was used with the voltage 
main ta ined  a t  1 vol t .  The  cur ren t  dens i ty  under  these  condi t ions  was  10.  70 
A m p e r e s / c m  . 2 
Afte r  2 hours  of e tch ing ,  some of the surface showed f la t  or  unetched 
a reas .  However ,  a f t e r  6 hour s ,  t he  en t i r e  su r face  was  e t ched  2nd the  p rocess  
was cont inued to  18 hours .  Surface microstructures  of t he  emi t t e r  a f t e r  t he  
18-hour etch is shown in  F igure  53. Because  the  su r face  was  deep ly  e t ched ,  
approx ima te ly  1 t o  3 mils ,  the surface could not  be focused upon with the 
l imited depth of focus of the  convent iona l  microscope .  Therefore ,  a scanning 
e l ec t ron  mic roscope  examina t ion  of the  e tched  sur face  was  per formed.  Wi th  
the improved depth of focus of t h i s   i n s t rumen t ,   be t t e r   su r f ace   de t a i l s   were  
obse rved ;  t h i s  is i l l u s t r a t e d  i n  F i g u r e  54. A photograph of the final etched 
e m i t t e r  is shown in  F igure  55. The  appearance  of t he  su r face  is qui te  s imi la r  
to   that   observed  in   the  as-deposi ted  condi t ion.  
The   vacuum  work   func t ion   measu remen t s  of the  e tched  emit ter   showed 
a value of 4. 88 - + 0. 02 eV  and   r ema ined   s t ab le   a t   t h i s   va lue   fo r  a 200-hour 
t e s t  a t  170OOC. Af ter  this t rea tment ,  scanning  e lec t ron  microsco .pe  obser  - 
vat ions of t he   emi t t e r   su r f ace   r evea led  a sma l l   amoun t  of rounding of the 
sharp  edges  (F igure  56) .  Based  upon the  promis ing  ind ica t ions  of e m i t t e r  
su r f ace   s t ab i l i t y ,  a dec i s ion   was   made   t o   commi t  it to  converter  364 and 
determine the fol lowing information.  
(1 1 The   l ong- t e rm  s t ab i l i t y  of the   deep   e lec t roe tched  
su r face ,   and  
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F i g u r e  53. MICROSTRUCTURE OF 3 6 4  EMITTER SURFACE 
AFTER 18 HOURS OF ELECTROETCHING 
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F i g u r e  54. SCANNING ELECTRON MICROSCOPE VIEWS OF 
364 EMITTER 
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Figure  56. 
F i g u r e  55. 
SCANNING  ELECTRON  MICRO- 
SCOPE VIEWS OF CVD-W EMITTER 
SURFACE ELECTROETCHED 18 
HOURS AND THEN HELD AT 170OOC 
FOR 2 0 0  HOURS IN VACUUM 
ELECTROETCHED  F-CVD-W 
EMITTER FOR CONVERTER 
364 
lOOOX 
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(2 1 The  .per formance  of this  surface  and a compar i son  
of the results with (110) chloride W emit ters  (362 
and  363). .e 
2 .   The rmion ic   Pe r fo rmance  
Th i s   conve r t e r   was   s imi l a r   t o   conve r t e r  362 and 363 with the exception 
of the  emi t te r .  A s  descr ibed  ear l ie r ,  th i s  emi t te r  was  depos i ted  us ing  W F  
and the surface deeply etched to expose ( 1 1 0 )  crystal  facets .  This  e tching 
reduced  the  emi t te r  d iameter  by  0. 004  inch, resulting in a converter  with 
0.  012  inch  interelectrode  spacing;   whereas   the  other   two  converters  had a 
spacing of 0. 010 inch. Following the emitter etching and characterization, 
and  conver te r  fabr ica t ion ,  the  assembly  was  processed  a t  an  emi t te r  temp-  
e r a t u r e  of 1760 C and a co l lec tor  tempera ture  of  960 C until a p r e s s u r e  of 
5 x torr   was  reached.   Next ,   the   mit ter   vacuum  work  funct ion  was 
measured in  s i tu  pr ior  to  the introduct ion of CS .  A value of 4. 76 eV was 
measured,  sl ightly  locver  than  the  value of 4. 88 eV which had been   measured  
dur ing  the  in i t ia l  emi t te r  charac te r iza t ion .  Compar isons  of  th i s  work  func t ion  
wi th   o the r   h i s to r i ca l   measu remen t s  of t he   emi t t e r  is shown  in  Table 7. 
6 
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Following introduction of C s ,  in i t ia l   per formance   mapping   was   con-  
ducted of the  var ious  fami l ies  of e m i t t e r ,   c o l l e c t o r ,   a n d   C s   r e s e r v o i r   t e m -  
p e r a t u r e s .  A typica l  se t  of cu rves  t aken  a t  170OOC (emi t t e r ) ,  75OoC (col lec tor )  
a n d  s e v e r a l  C s  r e s e r v o i r  t e m p e r a t u r e s  i s  s h o w n  i n  F i g u r e  57. Curves  taken  
at  other conditions are included in Appendix C-1. The converter was next 
placed  on  5000  hours   l i fe   tes t   a t   the   operat ing  condi t ions  shown  in   Table  8. 
Dur ing  th i s  t ime,  the  conver te r  per formance  remained  very  s teady ,  as c a n  
be   seen   f rom  the   l i fe   t es t   p lo ts  of the   s ign i f icant   conver te r   parameters   ( in  
Appendix C-2) .  This  behavior  can also be seen from the curves showing 
in i t ia l   and   f ina l   ou tput   power   dens i t ies   versus   emi t te r   t empera ture   for   cur -  
ren t  dens i t ies  of 10 A m p s / c m 2   s h o w n   i n   F i g u r e  58. The  f ina l  pe r fo rmance  
maps   (F igu re  59 and  Appendix  C-3)   a lso  show a c lose   cor respondence   wi th  
ini t ia l   data .  
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Tab le  7. EMITTER VACUUM WORK FUNCTION MEASUREMENTS 
ON  CONVERTER  364 
Condition 
Work  Function, 
e V  
1. In i t ia l .  before  assembly  in to  conver te r  
2. After  assembly  in to  conver te r ,  p r ior  to  
int r oduc ing c  e sium 
3. After   5000-hour   t es t  at 170OoC in   s i t u ,  
ce s ium removed  
4. 88 
4. 76 
4. 62 
Table  8. L I F E   T E S T   O P E M T I N G  CONDITIONS FOR CONVERTER 364 
Input  Power Densi ty  
Output  Power  Density 
Output   Current   Densi ty  
Output  Voltage 
E m i t t e r   T e m p e r a t u r e  
Col lec tor   Tempera ture   (Opt imum) 
C e s i u m   R e s e r v o i r   T e m p e r a t u r e   ( O p t i m u m )  
57 .7  W/cm 
7 .41  W/cm 
2 
2 
10 A m p / c m  
0.743 Volts 
170OoC 
7 5OoC 
2 
345OC 
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Emitter Temperature = 170OoC 
Collector  Temperature = 75OoC 
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Figure  57. CONVERTER 364 VOLT-AMPERE CHARACTERISTICS - -  
INITIAL TESTING 
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Figure 58. CONVERTER 364 OUTPUT POWER DENSITY AT A CURRENT 
DENSITY O F  10  A m p s / c m 2  
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Figure  59. CONVERTER 364 VOLT-AMPERE  CHARACTERISTICS  FINAL 
TESTING (4550 HOURS) 
88 
Fur the r   ev idence  of s tabi l i ty  of t h i s   conve r t e r  is shown  by   the   e lec t rode  
cesiated work  func t ion  measu remen t s .  These m e a s u r e m e n t s ,  made init ially 
and at 1100, 3200, a n d  4550 hours are  essent ia l ly  identical, as shown  in  F ig -  
ure 60 and F i g u r e  61 (emitter and co l l ec to r   measu remen t s ,   r e spec t ive ly ) .  
3. P o s t - t e s t  - Examinat ion 
Accord ing   to   the   scope  of work   unde r   t h i s   p rog ram,   t he   pos t - t e s t  
examinat ion of conve r t e r   364   was   more   comprehens ive   t han   t ha t   pe r fo rmed  
for   conver te r   363   bu t   no t   as   inc lus ive   as   tha t   conducted  on conve r t e r  362. 
a .   Emi t te r   Examinat ion  
A compar i son  of the   'p re -   and   pos t - tes t   d imens iona l   measure-  
ments  showed no change in  the emit ter  diameter .  Visual  examinat ion of the 
e m i t t e r   ( F i g u r e  62) revea led  a c l ean   su r f ace   w i th  a tex ture   ident ica l   to   tha t  
of  the as-electroetched and as-deposi ted CVD-W. Scanning electron micro-  
scope  examinat ions  were  per formed on the  emi t t e r  su r f ace .  Su r face  
s t r u c t u r e s  a t  300 and lOOOX magnifications a r e  i l lustrated in  Figure 63a 
and  63b .  respec t ive ly .  In  compar ing  these  s t ruc tures  wi th  those  of the 
as-electroetched condi t ion (Figure 54a and b) ,  s ignif icant  rounding of the 
s h a r p  e d g e s  of the  c rys ta l  face ts  is evident. In spite of this  rounding,  the 
surface provided a steady and stable thermionic output of t he   emi t t e r   fo r  
4550 hour s  of tes t ing  at 17OOOC. 
After  the  sur face  examinat ions  were  comple ted ,  a t r a n s v e r s e  
sec t ion  of the  emi t te r  was  prepared  for  meta l lographic  examinat ion .  Whi le  
gra in  growth  of the F-CVD-W was evident ,  the etched surface was preserved 
a s  shown in Figure 64. A s  shown in this  f igure,  the depth of the etched 
face ts  was  approximate ly  0.  0025 c m  (0.  001  inch) .  The  micros t ruc ture  of 
the W was a c lean  s ingle  phase  s t ruc ture  which  is consis tent  with that  
obse rved  fo r  t he  s t a r t i ng  ma te r i a l  (F igu re  7) .  
b. Col lec tor   Examinat ion  
In   o rde r   t o   examine   t he   su r f ace  of the  Nb col lec tor ,  it was  
sectioned longitudinally (Figure 65).  Visual examination of the col lector  
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surface showed no evidence of surface defects ,  deposi ts  or  contaminat ion.  
A meta l lographic   spec imen  was   p repared  of t he   t r ansve r se   s ec t ion  of the  
col lector .  Examinat ion of th i s  spec imen showed very  la rge  gra ins ,  a c l ean  
single -phase microstructure and a c lean   co l lec tor   sur face   wi th   no   ev idence  
of any   sur face   de .pos i t s   (F igure  66) .  
C.  Examinat ion  . .. of Other  Converter  Components  
A v e r y   s m a l l  CS leak   occur red   in   the   conver te r   enve lope  
during tes t ing.  This  leak was ident i f ied by the presence of C s  on the walls 
of the  s ta in less  s tee l  vacuum bel l  j a r .  The  leak  was  found in  the  W-Re 
s leeve- to-emi t te r  junc ture .  Evident ly  dur ing  the  18-hour  e lec t roe tch ing  
t r ea tmen t ,   t he  W - 2 2  w / o   R e   e m i t t e r   s l e e v e  (0. 020-inch thick)  was also 
select ively etched.  This  probably weakened the mater ia l  such that  under  
normal  opera t ing  condi t ions ,  s teady  s ta te  and  thermal  cyc l ing ,  a sma l l  l eak  
occur red .  
COMPARISON - OF  RESULTS 
Pe r fo rmance  changes  du r ing  l i f e  t e s t ing  of conve r t e r s  362 and 363, 
while not completely understood, a r e  thought to be d u e  t o   i m p r o p e r   o r   i n -  
adequate  outgass ing  pr ior  to  conver te r  opera t ion .  The  opera t ion  of e a c h  of 
these devices  a t  the end of l i fe  is  bel ieved to  be repfesentat ive of the -per- 
formance  to  be  expec ted  f rom (110)  or ien ted ,  CVD-W. The  per formance  of 
364 remained essent ia l ly  s table  during i ts  l i fe ,  which is  probably due to  the 
use of improved outgassing techniques (Vac-Ion .pumped outgassing system 
fo r  componen t  pa r t s ,  a s  we l l  a s  a s sembled  conve r t e r  and higher collector 
ou tgass ing  t empera tu res ) .  The  f ina l  pe r fo rmance  of this  device is  shown 
plotted in Figure 67 at  a c u r r e n t   d e n s i t y  of 10  Amps/cm2  and   compared   wi th  
s imi l a r  cu rves  fo r  conve r t e r s  362 and 363. A s t r i k i n g  s i m i l a r i t y  e x i s t s  
between these 3 conve r t e r s   i n   sp i t e  of the   fac t   tha t   the   emi t te r   for   conver te r  
3 6 4  was fabr ica ted  f rom normal ly  (100)  or ien ted ,  F-CVD-W and the  conver te r  
had a l a rge r  i n t e re l ec t rode  spac ing  (0. 012 inch instead of 0. 010 inch).  This 
i s   due   to   the   spec ia l   e tch ing   which   exposed   the  (110)  f ace t s  on the   su r f ace  of 
the 364 emit ter .  
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F i g u r e  66. MICROSTRUCTURE O F  TRANSVERSE  SECTION OF 
NIOBIUM COLLECTOR O F  CONVERTER 364 
96 
10.0 
8.0 
N- 
E 
3 6.0 
z E 
c
+ a e 
6 
i- 
L. 4.0 i 
L 
2.0 
0 
Cesium  Reservoir  Temperature = Optimum 
Collector  Temperature = Near Optimum 
[3 FINAL - 362 
A FINAL - 363 
0 FINAL -364 
~~- - I I I 
1400 1500 1600 1700 
Emitter Temperature (OC) 
Figure 67.  CONVERTER 362,   363 AND 364  PERFORMANCE 
COMPARISON AT 10 A M P S / C M ~  
97 
Fur the r   ev idence   t ha t  (1 lO)- type  performance  can be obtained  s tar t ing 
with F-CVD-W emitter m a t e r i a l  is shown  in   F igure  68 ,  where   t hese   t h ree  
cy l ind r i ca l   conve r t e r s   a r e   p lo t t ed   a long   w i th   s imi l a r  (100) and (110) or iented 
p l a n a r  r e s e a r c h  c o n v e r t e r s  (Table 9). Inc luded  a l so  a re  pe r fo rmance  bands  
expected for  these two types of o r i en ta t ion   f rom a theoretical  basis. '")  A l l  
t h r e e  of t he   conve r t e r s   desc r ibed   i n   t h i s   r epor t   f a l l   i n   t he   r ange  of per formance  
ex-pected from ( 1 1 0 )  o r i en ted  emi t t e r s .  
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Table 9. ELECTRODE  AND  GEOMETRIC DATA FOR SELECTED RESEARCH DIODES 
Symbol 
D 
F 
C 
M 
N 
J 
C 
A 
B 
L 
Emi t t e r  
F CVD W 
Poly Powder 
Metallurgy W, 
C1 CVD W 
C1 CVD W 
C1 CVD W 
C1 CVD W 
F CVD W 
F CVD W 
F CVD W 
F CVD W 
Prepa ra t ion  
Electropol ished/  
Electroetched 
Coldworked 
Resulting  in 
P r e f e r r e d  ( 110) 
Orientat ion 
Electropol ished 
Electropol ished 
Electropol ished 
P r e f e r r e d  ( 110) 
Electropol ished 
Electropol ished/  
Chemically  Etche 
Mechanical 
Mechanical /  
Electropol ished 
Mechanical 
Bare Work 
Function,  Volts 
4. 8 3  
4. 58 
4. 91 
5. 0 
4.91 
4. 95 
4. 77  
" 
" 
4. 65 
Nb 
10 Nb 
10 Nb 
8. 5 
Nb 1 10 
Nb I 8 . 5  
Nb 1 8 . 5  
Nb ~ 8 . 5  
Nb I 10 
Builder 
R& DC 
R& DC 
TECO 
TECO 
TECO 
R& DC 
TECO 
TECO 
TECO 
TECO 
CONCLUSIONS 
The   preceeding   sec t ion  of th i s   repor t   descr ibed  a development   task 
which  was  conducted  to   evaluate   high  performance  cyl indrical   thermionic  
converters  having W e m i t t e r s  of prefer red  (110)  c rys ta l  o r ien ta t ion .  The  
c o u r s e  of this  activity  included a comprehens ive   p r0gra .m of tes t   vehicle  
des ign  and  development ,  emi t te r  charac te r iza t ion  and  se lec t ion ,  thermionic  
performance mapping and s teady  s ta te  tes t ing ,  and post- tes t  examinat ion 
and analysis.  The following are observations and conclusions result ing from 
this  task.  
The  three  devices   bui l t   and  tes ted  under   this   program  had  s t r ikingly 
comparab le   t he rmion ic   pe r fo rmance   a f t e r  5000 hour s  of operat ion,  as indi- 
ca ted  by a plot of the i r   ou tput   power   versus   emi t te r   t empera ture  at a c u r r e n t  
density of 10 Amps /cm (F igure  67 ) .  The i r  emi t t e r s ,  however ,  were  p ro -  
duced by two dis t inct ly  different  methods.  The f i rs t  two devices ,  converters  
362 and 363, employed w emi t t e r   su r f aces  of p r e f e r r e d   ( 1 1 0 )   c r y s t a l   o r i e n t a -  
t ion produced by the hydrogen reduction of WCl6. The  la t te r  conver te r ,  364 ,  
employed   an   emi t te r   p roduced   f rom  the   hydrogen   reduct ion  of W F 6 ,  which 
was   e lec t roe tched   to   expose   the   (1   10)   c rys ta l   p lanes .  
2 
Perhaps   equal ly   impor tan t  is that  this work   r evea led  a ra ther   s ign i f i -  
can t   spread   in   emi t te r   charac te r iza t ion   (vacuum  work   func t ion ,   x - ray   d i f -  
fraction and etched pits)  was not reflected in thermionic performance. The 
maximum  spread   regard ing   the   vacuum  work   func t ion   and   x- ray   d i f f rac t ion  
is 0. 2 eV  and 0. 1 f rac t ion  of t he   s ample   a r ea   hav ing  < 110 > lying  with a tilt 
angle 8 I 20 . In th.e case of the  e tched  p i t s  conver te r  364  was  deeply  
e tched  f rom 1 to  3 mils (approximately) .  Further ,  it is noteworthy that  the 
closely-grouped  band of t he rmion ic   pe r fo rmance   p roduced   by   t hese   t h ree  
devices   fe l l   wel l   wi th in   the   band   es tab l i shed   by   o ther   repor ted   conver te rs  
having (110) emi t te r   sur faces ,   bo th   p lanar   and   cy l indr ica l   in   geometry .  
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Converter 3 6 4  was  an  exceedingly  stable  performer,  as indicated by 
both  thermionic  output  and  cesiated  work  function  measurements  taken  over 
the 5000-hour period of operation. However, performance changes did occur 
during the life testing of converters 362 and 363.  These changes, while not 
completely  understood,  are  thought  to  be  due  to  inadequate  outgassing of 
these earlier devices.  Nevertheless,  the effects of the resulting contami- 
nation are  believed  to  have  reduced  and  stabilized  to  the  point  where  there 
was no appreciable  impact  on  the  thermionic  performances at the  end of steady 
state  testing. 
Upon post-test  examination of all converters,  no dimensional  changes 
or  collector-electrode  changes  were  revealed  which  could  have  influenced a 
corresponding change in thermionic performance. Some rounding of the 
etched  crystal   facets  on  emitter 3 6 4  was  observed  after  test .   This  occurence,  
however,  did  not  display  any  influence  on  the  converters  thermionic  perform- 
ance history. Carbide contamination was discovered on the emitters of both 
362 and 363 after test. This discovery supports the contention that inadequate 
outgassing  caused  tne  observed  performance  changes  during  the  initial 
portions of their   test   history.  
Finally,  this converter test  series,  with its extensive instrumentation, 
provided  the  opportunity  to  evaluate  and  verify  the  Wilkins'  diagnostic  technique 
for emitter temperature determination. Emitter temperatures of converter 
363,  as determined by this  diagnostic  tool;  high  temperature  thermocouples; 
and  optical  pyrometry all cross  checked  well  within a useful  range (f- 50 C). 
(1) 
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APPENDIX B- 1 
CONVERTER 363 INITIAL PERFORMANCE CHARACTERISTICS 
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APPENDIX B - 3 
CONVERTER 363 FINAL PERFORMANCE  CHARACTERISTICS 
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Figure B -3 .1  CONVERTER 363 V0LT;AMPEZE  CHARACTERISTICS 
(TE = 14OO0C, TC = 610 C )  - -  FINAL TEST 
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Figure  B - 3 . 3  CONVERTER 3 6 3  VOLT -AMPERE CHARACTERISTICS 
(TE = 155OoC, T C  = 61OoC) - -  F I N A L  TEST 
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Figure  B - 3 . 4  C O N V E R T E R  363 V O L T   - A M P E R E   C H A R A C T E R I S T I C S  
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Figure B-3.5 CONVERTER 363 VOLT-AMPERE  CHARACTERISTICS 
(TE 155OoC, T C  = 94OOC) - -  FINAL  TEST 
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Figure  B - 3 . 6  CONVERTEoR 363 VOLT -AMPERE  CHARACTERISTICS 
(TE = 1700 C,  TC = 66OoC) - -  FINAL TEST 
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Figure B - 3 . 7  CONVERTER 363 VOLT-AMPERE CHARACTERISTICS 
( TE = 1700°C, TC = 760OC) - -  FINAL TEST 
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Figure B - 3 . 8  CONVERTER 3 6 3  VOLToAMPERE  CHARACTERISTICS 
(TE = 17OO0C, TC = 950 C)  - -  FINAL TEST 
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F i g u r e  C-1.1 CONVERTEoR 364 VOLToAMPERE  CHARACTERISTICS 
(TE = 1400 C,  TC = 6 0 0  C) - -  INITIAL TEST 
126 
' L  - / 342OC 
/ 284OC 
/ 342OC 
Emitter Temperature = 14OO0C 
Collector  Temperature= 8OO0C 
293OC 
307OC 
332OC - Cesium  Reservoir  Temper 
I 
0 .4 .8 1.2 1.6 
Electrode  Voltage  (Volts) 
vature 
Figure C -1.2  CONVERTER  364  VOLT-AMPERE  CHARACTERISTICS 
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Figure C - 1 . 5  CONVERTEoR 364 VOLT-AMPERE  CHARACTERISTICS 
(TE = 1550 C,  TC = 9 2 5 O C )  - -  INITIAL TEST 
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Figure C-1.6  CONVERT5R 3 6 4  VOLT-AMPERE  CHARACTERISTICS 
(TE = 1700 C,  TC = 600OC) - -  INITIAL TEST 
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Figure  C-1.  7 CONVERTER 364 VOLTCAMPERE  CHARACTERISTICS 
(TE = 17OO0C, T C  = 800 C)  - -  INITIAL TEST 
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Figure C-1.8  CONVERTER 3 6 4  VOLT  oAMPERE  CHARACTERISTICS 
(TE = 17OO0C, T C  = 925 C )  - INITIAL TEST 
133 
340°c 
35OoC 
33OoC 
32OoC 
Emitter  Temperature = 17OO0C 
Collector Temperature = 1000°C 
/,32OoC 
- - I I 
0.4 0.8 
Electrode  Voltage (Volts) 
1.2 1.6 
Cesium Reservoir 
Temperature 
Figure  C-1.9  CONVERTER 364 VOLT-AMPERE  CHARACTERISTICS 
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Figure  C-3 .1  CONVERTER 364  VOLT AMPERE CHARACTERISTICS 
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Figure  C-3.3  CONVERTER  364  VOLT-AMPERE  CHARACTERISTICS 
(TE = 155OoC, T C  = 600OC) - -  FINAL TEST 
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Figure C -3.4 CONVERTER 364 VOLT -AMPERE CHARACTERISTICS 
(TE = 155OoC, T C  = 80OoC) - -  FINAL TEST 
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Figure C-3.6  CONVERTER  364  VOLT-AMPERE  CHARACTERISTICS 
(TE = 17OO0C, TC = 600OC) - -  FINAL TEST 
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Figure C -3.7 CONVERTER 364 VOLT -AMPERE CHARACTERISTICS 
(TE = 17OO0C, T C  = 800OC) - -  FINAL TEST 
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Figure C-3.8  CONVERTER 364 VOLT-AMPERE  CHARACTERISTICS 
(TE = 17COoC, TC = 925OC) - FINAL TEST 
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